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ABSTRACT 
Structural pounding may be defined as the collisions occurring between adjacent 
dynamically excited structures which lack a sufficient separation gap between them. 
Extensive theoretical and experimental studies have been conducted to investigate 
this phenomenon. However, the majority, if not all, of these studies fail to consider 
the flexibility of the soil upon which these structures are constructed. This study 
aims to investigate the degree of approximation inherent in previous pounding 
studies which neglected this important feature. In this study, two aspects of soil 
flexibility effects on dynamic structural response were investigated: the influence of 
the supporting soil properties on the individual structures (soil-structure interaction) 
and the through-soil interaction between the foundations of the adjacent structures. 
Two structural configurations of reinforced concrete moment-resistant frames were 
considered: the case of two adjacent twelve-storey frames and the pounding of a 
twelve- and six-storey frames. Four cases of external excitation were investigated: 
two actual earthquake records applied from two directions ea9h. .A. nonlinear 
inelastic dynamic analysis software package developed at the University of 
Canterbury has been utilized in this study. Suitable numerical models were 
developed for the through-soil interaction phenomenon and for the structures, which 
were designed in accordance to the relevant New Zealand design codes. Soil-
structure interaction was represented by means of existing models available in the 
literature. Various separation gaps were provided and the results were compared 
with the no pounding case. Storey-level impacts only were considered. The 
pounding response in which soil flexibility was accounted for was compared to the 
fixed base response for each of the separation gaps incorporated in this study. 
A high variation in the results was witnessed, indicating the significance of 
consideration of soil flexibility effects. In addition, the importance of excitation 
direction was highlighted in this study. The relative storey accelerations were more 
dependent on the characteristics of the excitation rather than on the magnitudes of 
the impact forces. Recommendations were proposed which aim towards the 
generalization of the results of this study. 
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1. INTRODUCTION 
Even though structural pounding was recognized as early as 1926 in what may be 
considered to be the first text on aseismic design and construction [F5], it was not until 
the Mexico City Earthquake of 1985 that the damage potential of structural pounding 
came to be fully appreciated. This was due to the large number of buildings in which 
structural pounding was identified as the main cause of serious damage and/or 
collapse [83]. Despite the recommendation of minimum separation gaps in the 
relevant codes in force at the time, these provisions were seldom implemented for 
various reasons, technical and non-technical. The Mexico City event spurred the 
engineering community into conducting extensive research to further understand this 
phenomenon from all its aspects. As a result, many studies pertaining to structural 
pounding have been conducted over the past 25 years. These investigations covered 
case studies of structural pounding which had occurred during seismic events 
[B3,G7,H1 ,K3,K4,M8,N4,T1 ,W1] and the analytical investigation of these cases 
[K5,M1], analytical studies pertaining to the impact problem [D1,J4,J5,L13], 
experimental studies [F3,P3] and the development of pounding mitigation methods 
[F1 ,J2,K6]. 
Many simplifying assumptions were applied in the formulation and development of 
analytical and numerical solutions in these studies. The most significant assumptions 
pertaining to the foundation conditions are the following: 
• A rigid base connection between the impacting structures and the foundation soils 
upon which they rest. 
• The absence of through-soil interaction between these structures. 
The former assumption implies a very stiff foundation soil. This may be true in the 
case of low structure mass to soil stiffness ratio but is not valid for cases of heavy 
structures constructed on soft soils. Besides changing the characteristics of the 
impinging seismic waves, the dynamic properties and consequently the response of 
the vibrating systems will be affected. The latter assumption implies the complete 
isolation of the oscillating structures from the soil environment in which they are 
constructed. Obviously this is a gross simplification as there is a significant degree of 
interaction between adjacent structures at foundation level due to the effects of the 
outward-propagating waves. These waves alter the properties of the soil between the 
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adjacent foundations in addition to transmitting a portion of the energy that is not 
dissipated in the soil medium. The extent of this effect is influenced by the soil 
properties, foundation dimensions, the predominant modes of response of the adjacent 
structures, the characteristics of the excitation, in addition to other factors. 
Even though the effects of structural pounding, soil-structure interaction and through-
soil coupling (or structure-soil-structure interaction as it is also known) on structural 
response have been investigated separately, the only pounding study which considers 
soil-structure interaction is that by Schmid and Chouw [S2]. Their investigation, 
however, did not account for the effects of through-soil coupling. 
It is the purpose of this study to investigate the combined effects of soil flexibility on the 
dynamic response of adjacent structures subjected to storey-level pounding. Inelastic 
time-history analyses are conducted for various cases of excitation and structural 
configurations. RUAUMOKO [C1 ], a software package developed at the University of 
Canterbury, is utilized in this study. A through-soil foundation coupling model has been 
developed and incorporated into RUAUMOKO for the purposes of this study, Two 
structural configurations were considered: the first involving two twelve-storey 
structures, while the second consists of a twelve- and a six-storey building. All 
structures are reinforced concrete moment-resistant frames designed in accordance 
with the relevant New Zealand codes [N5,N6]. Details of these frames, in addition to 
the assumptions implemented in the numerical modelling, are presented in Chapter 5. 
The first fifteen seconds of two different earthquake records were incorporated as the 
excitations: the N-S component of the 1940 El Centro earthquake (peak ground 
acceleration PGA=0.348g) and the S-14°-W component of the 1971 Pacoima Dam 
earthquake (PGA=1.23g). In addition to the fifteen second excitation, a free-vibration 
phase of five second duration was allowed at the termination of the seismic excitation. 
The effect of excitation from different directions was also investigated. 
Each of the following three chapters discusses various aspects of one of the 
phenomena presented above, i.e. structural pounding (Chapter 2), soil-structure 
interaction (Chapter 3) and through-soil coupling (Chapter 4). The parameter studies 
that have been conducted to investigate the sensitivity of the various assumptions 
incorporated in the numerical modelling are presented in Chapter 5 and Appendix A. 
In addition, the results of the simulations involving the above configurations and 
excitations and the discussions thereof are presented in the same chapter. Additional 
results pertaining to the response of each of the frames and the influence of various 
factors on the impact forces are presented in Appendices B-E. The details of the 
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structural models incorporated in this study are outlined in Appendix F while Appendix 
G presents analytical verification of the through-soil interaction model developed 
herein. 
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2. STRUCTURAL POUNDING 
2.1 Introduction 
The burgeoning urban population witnessed by many countries in recent years has 
prompted owners and developers towards the optimal utilization of available property. 
This, in addition to the rapidly increasing value of real-estate, has led to an increase 
not only in the overall heights (number of stories) of buildings but also in their floor 
areas. Many modern multi-storey buildings are now constructed up to their property 
lines with limited, and in some cases no, separation between adjacent structures. 
These trends may also be observed in many older buildings which, due to settlement, 
accumulation of debris over the years, or construction methods prevalent at the time, 
are in direct contact with neighbouring structures. 
The difference in dynamic properties of adjacent structures, vis-a-vis mass, stiffness 
and strength, besides differing foundation properties, result in an out-of-phase 
oscillation of the vibrating systems. This out-of-phase motion may result in the 
collision of the adjacent structures if sufficient separation is not provided. Valles and 
Reinhorn [V1] have suggested the following six parameters that affect the pounding 
response of adjacent structures: characteristics of earthquake excitation, fundamental 
periods of structures, damping and hysteretic chp.racteristics, mass of colliding 
elements, the actual gap as a fraction of critical separation gap (calculated by means 
of a method developed by the authors) and the inelastic behaviour at the impact 
interface. 
Structural pounding may occur in parts of the same building such as at expansion or 
construction joints [MS, T1, and W1] or between nonstructural and structural 
components [H1]. Pedestrian bridges may also pose a potential pounding risk as they 
may collide against the structures that they connect as was witnessed during the 
Hyogo-ken-Nanbu (Kobe) earthquake of 1995 [N4]. 
Substantial damage due to pounding may be sustained by adjacent buildings of 
differing storey heights. In this case, the column of one building may experience 
repeated impacts along its height from the slab of the adjacent building. This will result 
in local damage and may even lead to partial collapse of the storey [G7]. The high-
amplitude local acceleration induced by pounding has been found to cause extensive 
damage of appurtenances at the level of pounding [K2]. 
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Storey-level pounding between adjacent multi-storey structures only will be examined 
in this study. Some important aspects of the structural pounding phenomenon, as well 
as research conducted in this field, will be elaborated upon in some detail in this 
chapter. This will hopefully elucidate the reasons for the growing realization within the 
engineering community of the significance of structural pounding. 
2.2 Historical Preview 
Many cases of structural pounding witnessed subsequent to major seismic events in 
recent times have been described in the literature. The extent of damage resulting 
from structural pounding varied in the incidents reported from cosmetic or light [M1 ,82] 
to severe [N2,H1] and in some cases ensued in total collapse [83,G7]. 
Ford [F5] alluded to structural pounding in what is considered to be the first text 
devoted to the design of earthquake resistant structures. His recommendations 
related to pounding between non-structural components and the structural elements of 
a building. 
To illustrate the damage potential of structural pounding, a brief synopsis of pounding 
cases reported from previous earthquakes is presented below. 
• Pounding sustained by three collapsed stairways of the Olive View Hospital 
against the main building during the 1971 San Fernando Earthquake [82]. The 
extent of damage due to structural pounding varied in severity in the three 
staircases but was not the main cause of failure. Pounding was in evidence in 
the fourth, uncollapsed, staircase as well. The main building also sustained 
some pounding damage as a result of impacting against an adjacent retaining 
wall and a warehouse due to insufficient seismic gaps. 
• The May 1976 Friuli Earthquake in Italy in which a tall prefabricated storage shed 
pounded against a single storey brick annex at the mid-height of the shed [G7]. 
The annex collapsed completely due to shear failure in the columns while the 
shed was almost undamaged except for some indentations in the exterior 
panelling. This was due to the damping provided by the joint material between 
the exterior panels covering the frames of the prefabricated shed. 
• Significant damage at the construction joint between the main part of a hotel and 
its entrance annex during the March 1977 Romanian Earthquake [T1 ]. 
• The Mexico City Earthquake of September 1985 provided the stimulus for 
research into structural poun.ding. This was due to the extensive damage 
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sustained by a large number of buildings as a direct cause of structural 
pounding. Pounding occurred in over 40% of the 330 buildings which had 
collapsed or sustained severe damage and was identified as the primary cause 
of collapse in at least 15% [B3]. 
• Pounding of the deck of the cable-stayed Shipshaw Bridge, spanning the 
Saguenay River in Quebec, against both its abutments as a result of longitudinal 
motion during the 1988 Saguenay earthquake [F2]. Cracking of the concrete 
cover of the abutments, local buckling of the deck's horizontal bracing members 
and complete failure of one of four anchorage plates connecting the deck to one 
abutment resulted directly from the repeated collisions. 
• Significant damage due to pounding was identified in buildings 90km distant from 
the epicenter of the 1989 Loma Prieta earthquake (ML=7.1) [K4]. Had the 
epicenter been closer the extent of pounding-related damage would most 
certainly have been more pronounced. 
• Malhotra et al. [MB] reported the presence of spikes in the strong-motion 
acceleration records mounted on a box-bridge girder bridge during the 1992 Big 
Bear and Landers earthquakes in California. One of the three mechanisms they 
identified as the cause for these spikes was pounding between the bridge 
segments at the expansion joints. 
• High-frequency spikes were detected in the accelerograms of a base-isolated 
building after the 1994 North ridge earthquake [M14]. The cause was determined 
to be the impact of the structure against its stops after the lateral seismically-
induced displacements had exceeded the separation gap provided. 
• The horizontal displacement of a base-isolated structure, exceeding the provided 
isolation gap, resulted in pounding of the building against its stops during the 
1994 Northridge earthquake [T3]. 
Other notable events where cases of pounding were reported are the Alaska 1964 
[N2], the Venezuela 1967 [H1 ], the Philippine 1976 [E1 ], the Miyagi-ken-Oki 1978 [E2], 
and the 1981 Central Greece [E3] earthquakes, to name but a few. 
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2.3 Effects of Pounding 
Impacts due to structural pounding transmit short duration, high amplitude forces to the 
impacting structures and may occur at any level of the colliding structures and at any 
location along the impacting levels (in the case of slab-column impacts). The 
detrimental effects of these forces may be enumerated as follows: 
• High-amplitude, short duration local accelerations which are generally not 
accounted for in design [F1 ]. 
• Localized degradation of stiffness, and/or strength in impacting members. In 
addition to the adverse effects this will entail on the strength of the members, the 
distribution of shear and flexural forces will also be affected. Since the code 
design of earthquake resistant structures is based upon the capacity design 
method [P4], this is an especially significant factor that must be accounted for 
when assuming plastic hinge locations. 
• Modification to the overall dynamic response of structures. Either an 
amplification or de-amplification of response will be sustained by structures, 
depending on the relative dynamic characteristics of the impacting structures on 
one hand and the supporting medium on the other, in addition to the 
characteristics of the seismic excitation. Modes of response not accounted for in 
design may be introduced, for example torsion [L6]. 
Cases have been reported where pounding has had a beneficial effect. Pounding was 
believed to have altered the direction of collapse of one of the staircases of the Olive 
View Hospital away from the main building during the San Fernando earthquake [82]. 
Also, contact of the main building with the adjacent structures supported the soft-
storey that formed at the level of contact [M1 ]. 
2.4 Structural Pounding Studies 
Extensive analytical, numerical and experimental studies have been conducted to shed 
light on the pounding phenomenon. Various aspects of pounding have been 
investigated, such as the vibro-impact problem, the dynamics of pounding and of 
contact of the impacting bodies and numerical solutions to the impacting of oscillating 
single-degree-of-freedom (SDOF) and multi-degree-of-freedom (MDOF) systems. 
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2.4. 1 Analytical Studies of Pounding as a Vibro-lmpact Problem 
An analytical study of the nonlinear contact problem was conducted by Jing and Young 
[J4]. A closed-form solution of the impact of a SDOF system subjected to white-noise 
excitation against an elastic constraint with Hertzian force-displacement characteristics 
was effected. The influences of clearance size and contact stiffness were 
investigated. It was found that the variations in the response decreased with 
increasing separation gap. In addition, if the separation exceeded twice the root of the 
mean square response of the corresponding linear system, the effects of pounding 
may be ignored. Also, the frequency of response changed with separation gap and 
contact stiffness. It is worth noting that this study [J4] is an extension of the study by 
Jing and Sheu [J5], who were the first to obtain the closed-form solution of impacting 
SDOF systems with Hertzian contact law subjected to white noise excitation. 
Davis [D1] investigated the impact of a damped SDOF oscillator against, both, a 
moving and a stationary barrier. The excitation was in the form of a constant 
acceleration amplitude for the former case and a constant displacement amplitude (the 
displacement of the barrier was equal to the ground motion) for the latter. This is 
representative of the upper- and lower-bound cases of a flexible long-period structure 
and a stiff short-period one, respectively. Two forms of impact models were 
implemented: a nonlinearly elastic Hertzian model, and an inelastic coefficient-of-
restitution model. The solution was presented in the form of a response spectra 
between the impact velocity of the SDOF oscillator and the excitation period. The 
influence of separation distance was also examined. The following observations were 
noted in this study: 
• The maximum impact velocity of an elastic structure was attained at a period of 
excitation equal to one-half the natural period of an equivalent non-impacting 
oscillator. This implies that the natural period of the colliding oscillator reduces to 
half of its value in the no-pounding case. 
• Cut-off frequencies were identified below which continuous impacts do not occur, 
providing some insight as to the required separation gap. 
2.4.2 Multiple-Sided Pounding of SDOF Systems 
One- and two-sided impacts of damped SDOF systems was investigated by Wolf et al. 
[W5]. Impacts were modelled by a linearly elastic spring in parallel with a dashpot. It 
was found that the response of a very flexible oscillator increases as a result of 
pounding, while for a stiff structure slight decreases may be detected. Due to the 
restriction of impacts within a small area, high frequency modes are excited. 
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Amplifications in the displacement response spectrum for the zero separation gap case 
were found to be dependent on the stiffness of the contact element and the ratio of 
frequency of excitation to the natural frequency of the structure. 
The effects of one- and two-sided pounding of structures modelled as SDOF 
oscillators was also investigated by Anagnostopoulos [A 1] and Athanassiadou et al. 
[AS]. In the former study, a series of buildings, modelled as SDOF damped oscillators 
with bilinear force-displacement characteristics, were excited by scaled earthquake 
records. Impacts were simulated by means of viscoelastic contact elements, the 
stiffness of which was assigned a value equal to twenty times the stiffness of the stiffer 
SDOF system in the colliding pair. The damping coefficient was related to the 
coefficient of restitution. Parameter studies revealed the insensitivity of the system 
displacement response to impact element properties. 
It was observed that the displacements of the exterior structures may be appreciably 
amplified, while interior structures may experience either amplification or 
deamplification, depending on the ratio of natural periods. In addition, it was shown 
that elastic and inelastic structures behaved similarly when subjected to pounding, with 
more serious repercussions, however, on the latter. In addition, no clear dependence 
was determined between yield level and response amplification due to pounding. One 
of the important factors on the pounding response was the mass ratio of the adjacent 
oscillators. The system with the smaller mass exhibited larger increases. 
The aforementioned study by Athanassiadou et al. [AS] developed the previous study 
of Anagnostopoulos [A 1} by including travelling wave effects. Inelastic force-
displacement behaviour of the SDOF oscillators was represented by the modified 
Clough hysteresis model. A phase lag in the excitation of each successive SDOF 
oscillator was applied based on the average velocity of seismic wave propagation and 
the distance of the structures from each other. Impacts were modelled by means of a 
coefficient of restitution. In addition to the corroboration of the findings of the previous 
study [A 1 ], the following observations were also noted: 
• The effects of pounding increase with the relatively large increase of the phase 
difference in the starting time of the excitation between the first and last buildings 
in the row. 
• For the case of adjacent structures of differing natural periods, pounding 
adversely affects the rigid buildings, especially when located at the end of the 
row. 
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• When the difference in periods of adjacent structures is mainly due to differences 
in stiffness rather than mass, then pounding response is insensitive to the 
strength, coefficient of restitution of impact elements and relative mass of 
impacting structures. 
2.4.3 Pounding of MDOF Systems 
The preceding studies pertaining to pounding of SDOF, while providing valuable insight 
on the overall pounding response, do not assist in the clear understanding of the 
response of impacting MDOF systems and the ensuing effects on structural elements. 
Extensive numerical and analytical studies have been conducted on MDOF systems 
recently due to advances in computer technology and numerical solution methods. 
The pounding of a flexible15-storey steel moment-resistant frame and an adjacent rigid 
8-storey structure was investigated by Maison and Kasai [M3]. Limitations to the 
numerical models include the assumption of in-plane rigid diaphragms and single point 
pounding (at the top level of the shorter building). The impact element stiffness was 
based on the in-plane axial stiffness of the concrete floor system. Excitations were in 
the form of actual earthquake records, in addition to a snap-back free-vibration 
analysis. It was found that neglect of pounding would result in the unconservative 
design of the structural elements, especially in the stories above the pounding level. 
This was attributed to the marked increase in storey drifts, shears and overturning 
moments. Reflections of the impact forces propagating from the level of impact to the 
fixed base resulted in large shear gradients towards the building base. It was 
postulated that these gradients are due to the shear wave reflections at the base which 
augment the incident shear waves. The results of a snap-back analysis provided an 
indication of the general response trends due to a seismic excitation. The trends 
exhibited by the pounding structures in this study are exclusive to structural 
configurations similar to those of the study and caution was advised in extrapolating 
the results to other situations. 
The pounding response of two flexible buildings was also examined by Maison and 
Kasai [M6] as a development on their previous study. The same configuration was 
implemented as in the previous study [M3] and actual and artificial earthquake records 
were the assumed excitations. The adverse effects of pounding were found to 
increase in the building with the lesser mass. Building mid-height pounding results in 
an increase in storey response envelopes over the entire building height. On the other 
hand, top level pounding may result in a decrease of the response envelopes, except 
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for the storeys in the vicinity of impacts. The observations noted in the previous study 
applied in this case also. 
Anagnostopoulos et al. [A2] investigated the pounding of buildings in series modelled 
as lumped-mass shear beam type MDOF inelastic (bilinear) systems excited by actual 
earthquake records. Soil-structure interaction was accounted for through the 
implementation of a spring-dashpot system at the base of the structures. Impacts 
were simulated by viscoelastic elements located along the heights of the structures. 
The insensitivity of the response to the properties of the impact elements, observed in 
the aforementioned studies, was confirmed. The impact element stiffnesses were 
such that the local periods of the mass-impact springs were below the lowest 
translational periods of the adjacent buildings. Various configurations of three 
buildings were considered, with respect to fundamental natural periods. It was 
observed that the effect of pounding on the response of a structure is a function of the 
mass and period ratio with respect to the adjacent building(s). When the masses of 
the adjacent buildings are similar, pounding amplified the response of the stiffer 
building. This amplification increased with decreasing period ratio and with increasing 
stiffness of the building under consideration. For buildings with large differences in 
mass ratios, pounding results in high overstresses in the building with the smaller 
mass. 
Nonlinear time-history analyses of various configurations of impacting steel buildings 
(3- and 8-storey) were investigated by Filiatrault et al. [F2]. Storey-to-storey, as well as 
storey-to-column, pounding was investigated under various actual and artificial 
excitations with Hertzian contact elements located at potential impact nodes. Code-
specified recommendations with respect to required separation gap were found to be 
excessive. An alternative formulation was proposed, similar to Eq. 2.2, which would 
provide a realistic separation gap. It was observed that the time between successive 
impacts corresponds to about one-half the mean period of the buildings. Therefore, 
provision of even a small gap would substantially reduce the number of impacts, as 
was also recommended by Athanassiadou et al. [A5]. The detrimental repercussions 
of floor-to-column pounding were highlighted in this study. 
The study by Schmid and Chouw [S2] was the only study which considered the direct 
effects of soil-structure interaction on the response of pounding structures in some 
detail. The structures (which were of unequal total heights) were modelled as beam 
elements with distributed mass and a Laplace transform was applied to the relevant 
equations of motion. The continuous half-space representing the soil was modelled by 
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a boundary-element mesh. A semi-analytical method was adopted in formulating and 
solving the equations of motion. 
The following assumptions were applied in this study: 
• Contact was predetermined at the top level of the shorter building. 
• Surface foundations. 
• The soil was a continuous half-space with no material damping. 
Despite the above simplifying assumptions it was found that inclusion of soil-structure 
interaction effects had a profound influence on post-impact behaviour which cannot be 
extrapolated from a fixed-base analysis. 
Investigations into other aspects of pounding response, such as P-Li effects [L 12] and 
eccentric pounding [L5-L7], have also been conducted. 
2.4.4 Experimental Pounding Studies 
The validation of analytical and numerical studies through experimental investigations 
has been carried out by a number of researchers. A shake-table pounding test of 
adjacent eight- and three-storey steel frames was conducted by Filiatrault et al. [F3]. In 
addition to floor-to-floor contacts, impacting of slabs with columns was also 
investigated. An excitation equal to 0.15 g of the 1940 El Centro event was 
implemented. Floor-to-floor pounding verified earlier analytical studies [K2] with 
respect to the effect of pounding on peak floor accelerations, namely, the insensitivity 
of these accelerations to the initial separation gap magnitudes. In addition, peak floor 
accelerations fluctuated dramatically (rapid increase followed by a rapid decrease) at 
pounding level in the tall building. It was also found that the maximum impact force 
was independent of the initial separation gap. This distance, however, had a major 
influence on the number of impacts recorded. 
Suitable models for implementation into existing computer software were prepared and 
calibrated with results obtained from quasi-static tests on the structures. Unlike earlier 
software, the non-linear time-history analysis software used in this study (PC-ANSR 
[M7]) allowed the modelling of impact at all levels and not only at roof level of the 
shorter building. Conventional uni-axial contact elements were not able to accurately 
represent the relative rotations occurring at the contact points. In the selection of 
suitable damping ratios for the contact elements implemented in . the PC-ANSR 
software, it was found that the assumption of negligible damping resulted in values 
comparable to those obtained experimentally. However, the authors advised against 
extrapolating these results to other pounding cases. 
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The experimental results of the above investigation were utilized to compare the 
performance of a number of existing dynamic structural analysis software [C6]. 
RUAUMOKO [C1] displayed the most favourable execution time. In addition, the 
results compared well with those obtained experimentally. 
Papadrakakis et al. [P3] compared the experimental results of the pounding of two 
concrete two-storey frames with a numerical study that modelled the impacts based on 
a Lagrange multiplier approach [P2]. Storey level impacts only were considered and 
two forms of excitations were used: sinusoidal and random acceleration. 
• Pounding had a beneficial effect on the flexible structure (and on the system as a 
whole) as was noted from the reduction in the input energy demand. However, 
the increase in separation distance due to local pounding-induced damage 
reduced this beneficial effect. 
• For the stiff structure, pounding amplified the input energy when the system was 
subjected to an excitation close to the resonance of the flexible building. This 
increase was also noted when compared with the energy developed during the 
resonance of the stiffer buiiding. The extent of amplification is dependent on the 
characteristics of the ground motion. 
• It was shown that the large accelerations occurring due to pounding at a 
particular level do not affect the corresponding accelerations at adjacent levels. 
These accelerations have a significant effect on equipment and appurtenances 
at the level of pounding and do not influence the total displacements in the 
structure. This is due to the short duration of the impulsive forces induced by 
pounding and the resistance of the slab inertia. 
• The above observations were corroborated by the results of an analytical 
pounding study of adjacent 5-storey reinforced concrete buildings. It was 
concluded that increasing the flexibility of the stiff structure would be more 
beneficial than increasing the stiffness of the flexible structure. 
2.5 Prevention of Structural Pounding 
2.5. 1 Code Provisions 
A number of codes have recognized the latent threat of structural pounding and have 
attempted to mitigate this threat. None, however, outline a suitable method to quantify 
pounding effects. Although many pounding mitigation techniques have been proposed 
(such as link elements, dampers, etc.), most codes recommend a minimum separation 
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distance to be provided between adjacent buildings or between the building of interest 
and its property line. These requirements, however, are not strictly enforced by the 
authorities nor is their implementation adhered to by developers or the engineering 
community at large. The reasons for this noncompliance may be enumerated as 
follows: 
• The late inception of such requirements in some codes as the potential hazard 
and repercussions of pounding has only recently been recognized. 
• Developers and contractors have exhibited a reticence in the application of these 
requirements due to economic considerations and other non-technical factors. 
• The implementation of minimum separation gap requirements may result in 
impracticably wide expansion joints between units of the same building [J1 ]. 
• Unfamiliarity with the properties of the adjacent structures (most often owned by 
another party), hindering the development of accurate numerical models for 
implementation in dynamic time-history analyses. 
Code equations defining the recommended minimum separation gap often ignore the 
changes in the dynamic properties of the vibrating systems (e.g. stiffness, damping, 
etc.) resulting from the large inelastic deformations which may be required of these 
systems. Code requirements pertaining to maximum allowable interstorey drifts are 
imposed to limit excessive ductility demands on the members and not with the 
prevention of structural pounding in mind. The only parameters which are accounted 
for in code separation gap equations are the maximum elastic displacements attained 
in the top stories of the adjacent structures due to the code seismic design forces 
[N3,N5,U1]. Some codes consider building height as well as a "response reduction 
factor", also known as a "behaviour factor" [E7], in addition to elastic displacements. 
As a result of the above, design code recommendations pertaining to separation gap 
requirements tend to be unrealistically excessive, further discouraging the 
implementation of code requirements. Valles et al. [V1] present a comprehensive 
review of the separation gap requirements from various building codes, in addition to 
other pounding mitigation techniques. 
Section 2.5.4.2 of the 1992 New Zealand Loadings Code [N5] requires the separation 
distance between adjacent structures to be equal to the sum of their maximum design 
lateral displacements for the ultimate limit state (implying inelastic displacements). 
One suggestion [A2] has been to impose limitations other than separation gaps 
between buildings, such as special detailing and placing of impact absorbing elements 
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at locations where pounding is expected to occur (as recommended in the Greek 
code). 
Though these code-specified requirements may provide some degree of protection 
against potential structural pounding there remains the possibility of the occurrence of 
an event exceeding the "design level" earthquake. In this case, the resulting damage 
would undoubtedly exceed that expected from the code-specified levels of excitation. 
The present study aims to determine the effects of pounding on specific structural 
configurations and no attempt is made to determine the critical separation gap. 
Nevertheless, a synopsis is presented below of the relevant studies pertaining to 
separation gap requirements and other pounding mitigation techniques. 
2.5.2 Equations Defining the Minimum Separation Gap 
One method employed in the determination of the required separation gap to preclude 
pounding is by means of a dynamic time-history analysis and the calculation of the 
relative displacements at levels of potential pounding. However, as this is a costly 
exercise, a number of researchers have suggested various equations to calculate 
minimum seismic separation requirements. 
The derivation of the critical separation gap by Lin [L 1 O] simulated the dynamics of the 
pounding problem as a stochastic process. The mean and standard deviation of the 
required separation distance was derived based on the assumption of low damped 
linear systems excited by a white-noise type excitation. The main requirement of this 
method is that the modal frequencies of the buildings are well separated. This is 
difficult to guarantee if soil-structure interaction is considered. 
Other methods of determination of critical separation gap are based on the cross-
correlation coefficient PAa defined by Der Kiureghian (02]: 
(2.1) 
where TA, and Ta are the fundamental natural periods of buildings A and B, and ~ is 
the (equal) critical damping ratio for both buildings. 
Jeng et al. [J2] developed the double difference combination (DOC) method to account 
for the phase difference of vibration between the adjacent structures by means of the 
above coefficient (Eq. 2.1 ). The relative displacement between adjacent linear elastic 
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MDOF systems with similar critical damping ratios and approximated by the 
fundamental mode of vibration was defined as: 
(2.2) 
where uA , u8 are the maximum elastic displacements at the levels where pounding is 
expected to occur. 
The authors, recognizing the effect of inelastic behaviour of the structures on 
separation gap requirements, suggested modifying Eq. 2.2 to account for the expected 
variations in dynamic properties [K6]. This was partly accomplished by deriving the 
displacements uA and u8 from an inelastic response spectrum. Further modifications 
entailed the redefinition of the cross-correlation factor PAa (Eq. 2.1) to account for the 
variation in dynamic characteristics (natural periods and damping ratios). The latter 
was achieved through the definition of an elastic system, equivalent to the inelastic 
system, which simulated the inelastic phase difference between the two buildings. 
Expressions for the "effective period" and "effective damping" for this elastic system 
were statistically derived, based on exhaustive time-history analyses implementing 
several earthquakes, displacement ductilities, two different hysteresis rules (bilinear 
and stiffness degrading), vibration periods and building heights. 
The proposed expressions for the "effective period" t were derived as: 
Th = 1 + 0.09(µ - 1) (bilinear model) 
'I';{. = 1+0.18(µ - 1) (stiffness degrading model) 
and for the "effective damping" ( : 
~· = ~ + 0.084(µ - 1)1'3 (bilinear model) 





where µ is the displacement ductility and ~ and Tare the critical damping and initial 
natural period, respectively, of the elastic buildings. 
The general equation for the cross-correlation factor pAa was then formulated with 
respect to the above expressions for the effective period and effective damping, as 
follows: 
p AB= [1-(r~/T~)2 r +4~: ~~ [1 + (T~/r~)2 kr~/T~)+ 4(~: 2 + ~~ 2 Xr~/T~)2 
(2.7) 
,--;:;-;_-;- (~ . ~ . . I . )( . I . )312 8-.;<:,A Ss s 8 +'->AT B TA TB TA 
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The above expression for the cross-correlation factor was substituted into the spectral 
difference equation (Eq. 2.2), noting that the displacements uA and ua are· to be 
obtained from an inelastic response spectrum, as mentioned previously. 
The authors proposed a lower bound of spectral relative displacement, u REL ( SPD) , to 
account for the effects of biased response [N1, Y1 ]. This response was observed for 
buildings modelled as bilinear systems with displacement ductilities of 3 or more and 
/ 8/0, in the range of 0.8 to 1.3: 
(2.8) 
This limitation would also account for the approximations in the estimation of the 
dynamic properties of the vibrating systems, i.e. displacement ductilities and natural 
periods. 
The proposed method, while providing more realistic estimates of separation distances 
than the SPD, ABS, and SRSS methods, has the following limitations: 
• It does not account for higher mode effects, rendering this method unsuitable for 
tall buildings or for structures in which soil flexibility influences the response. 
• Pounding was assumed to occur only at the upper level of the shorter building. In 
structures of similar stories, maximum impact forces may be developed at other 
locations. 
• The above method was modified, through the implementation of random 
vibration theory and modification of Eq. 2.1, to include the effects of the time lag 
of the ground motion to account for travelling wave effects [J2]. 
A method proposed by Penzien [PS] also relies on the definition of the cross-
correlation coefficient of Eq. 2.1 in developing an expression for the critical separation 
gap. The CQC [02] method is employed in the formulation of the relative displacement 
between two buildings at the top level of the shorter building. For inelastic (bilinear) 
systems, an equivalent linearized system is derived. Equivalent elastic stiffness and 
damping ratios are obtained by means of factors which relate the characteristics of the 
elastic and post-yield behaviour in addition to the excitation. 
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The effects of travelling waves on the seismic response of buildings in series and on 
the required separation distance were investigated by Athanassiadou et al. [A5]. A 
group of four to eight buildings in series and of almost equal height was modelled as 
damped SDOF oscillators with inelastic force-displacement behaviour represented by 
the Clough hysteresis rule. The natural periods of these models ranged between 
values representative of actual low- to medium-rise reinforced concrete buildings {0.15 
to 1.2 seconds). The structures were excited by a travelling ground motion with a time-
lag corresponding to the assumed wave velocity and separation distances between the 
structures. 
The following equation was proposed to estimate the critical separation gap for 
adjacent buildings with natural periods within the indicated limits: 
(2.10) 
for 0.90 sec.::;; T1 ::;; 1.50 sec. and 0.45 sec.::;; T2 ::;; 0.75 sec. 
where: 
d = Separation distance 
q1, q2 = "Behaviour factor'' accounting for inelastic behaviour as per the 1985 CEB 
Model Code for Seismic Design. 
81,82 = Elastic displacements obtained from equivalent static lateral force 
analysis for each of the adjacent structures 1 and 2. 
T1 , T2 =The natural periods of buildings 1 and 2, respectively. 
This study found that variation of the separation gap by even a small amount altered 
the pounding response considerably. 
Valles et al. [V1] developed a graphical method for determination of critical gap width, 
known as the Pseudo Energy Radius. In this method, the displacement is plotted on 
the abscissa while the velocity divided by the frequency of the structure is the ordinate. 
The radius of any point along the plot represents the kinetic plus potential energies, i.e. 
the instantaneous elastic structural energy. Therefore, the maximum displacement 
attained by a structure is represented by the longest Pseudo Energy Radius. 
2.5.3 Other Methods of Pounding Mitigation 
The implementation of the separation gaps recommended by the equations above is 
restricted to structures that are in the design phase. They are not applicable to 
existing structures that may be susceptible to pounding. In such cases, alternative 
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pounding mitigation techniques have been investigated. These include link elements 
[W3], friction elements [F1 ], energy dissipation devices [A 1] and strengthening of 
structural elements at expected pounding locations [A2]. 
The changes in the ·dynamic characteristics of interconnected linear MDOF systems 
was analytically investigated by Westermo [W3]. The linkage system consisted of 
hinged beams located at levels where pounding was expected to occur. The 
structures analyzed were linear elastic models of equal or differing total and/or storey 
heights, and natural frequencies. It was found that if coupling resulted in an increase 
in the natural frequency of the structure, a reduction in shear at low excitation 
frequencies is to be expected. The presence of the linkage mechanism induced larger 
deflections in the stiffer of the linked structures, in addition to inducing higher modes of 
vibration. The forces generated in the link element were of the order of the smaller 
base shear of the unconnected structures. 
The inelastic response of adjacent undamped steel structures connected by friction 
damped links was numerically investigated by Filiatrault et al. [F1 ]. The energy 
dissipation mechanism in these links is initiated when the stiffness of the link element 
(Kc) is exceeded and slip occurs. The amount of energy dissipated is a function of the 
slip load Ps along with the slip travel. As the slip travel is constant the dissipated 
energy is dependent on the slip load. A sensitivity study was conducted to determine 
the ideal values of these two parameters Kc and P5 • The effects of changing the 
properties of the link elements, besides the effects of linkage on the overall response, 
were investigated. The following findings were reported: 
• The stiffness of the link element had a negligible effect on the elastic 
fundamental period of the linked structures, provided the link stiffness was within 
a practical range. 
• It was found that linkage had a beneficial effect on system response if the 
uncoupled fundamental periods of both buildings were longer than the 
predominant period of the ground motion. Conversely, if the predominant period 
of the ground motion was longer than the fundamental period of the stiffer 
building, larger seismic forces would develop. 
• In the case of structures of unequal height, coupling caused yielding in the upper 
levels of the taller, more flexible structure which behaved as a cantilever above 
the level of linkage. This stiffening effect of the adjacent low-rise structure must, 
therefore, be accounted for in the design of the taller structure. 
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• A single link at the roof level of the shorter building was found to be sufficient to 
preclude pounding. 
Wolf and Skrikerud [W5] proposed the implementation of tuning devices in the form of 
springs either tensioned, pre-tensioned or without tension. Their numerical analyses 
showed a reduction in structural response in some ranges of the tuning device 
stiffness and of pre-load value. In addition, the high-frequency component of the 
response induced by pounding was eliminated by means of the tensioning. 
Jeng et al. [J1 ,J2] suggested increasing the damping of structures in order to induce 
in-phase oscillations of the adjacent structures. Anagnostopoulos [A 1] suggested the 
use of a soft viscoelastic filler in the gaps between adjacent structures to reduce the 
impact forces. In another study, Anagnostopoulos et al. [A2] suggested the 
implementation of special provisions in design codes which would aim towards the 
reduction of marked differences in dynamic properties (limitations imposed on heights, 
masses, etc. of adjacent structures). This, in conjunction with the implementation of 
special detailing in the structural elements, would allow the introduction of other 
provisions alternative to the current separation gap limitations. An example cited in 
their1 study is the Greek code which requires detailing of the columns of concrete 
buildings at the sides which are susceptible to pounding. 
2.6 Analytical and Numerical Modelling of Pounding 
Many difficulties are inherent in the mathematical modelling of the impact 
phenomenon, due to its highly nonlinear nature. The closed-form analytical solution of 
the impact phenomenon assumes the pounding structures to be oscillating as a single 
unit at impact. The assumed properties of the impact elements (stiffness and 
damping) determine the dynamic characteristics of this "post-impact" system. In 
addition, the amount of impact force imparted to the adjacent structure is dependent 
on the user-defined characteristics of the impact element. 
The most common modelling method implemented in application software is the 
representation of impacts by me_ans of a stiffness-based element, usually in the form of 
a spring-dashpot system or a truss (uni-axial) element. The behaviour of these 
elements may be linear or nonlinear, where some energy dissipation is effected 
through hysteretic damping. 
Damping may also be assigned in the form of a dashpot in parallel with the spring as in 
the Kelvin model [A 1,A2, W5]. Some hysteretic damping may also be included in this 
model through the incorporation of a nonlinear spring. More recently, a Hertz contact 
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law [GB] has been implemented in the modelling of the spring element [01 ]. While 
most impact problems violate the basic assumptions of the original Hertz impact rule, 
experimental results have exhibited a strong correlation with those predicted from this 
rule. Although hysteretic energy dissipation may not be represented by the Hertz 
contact law, its nonlinear characteristics provide a more realistic representa.tion of the 
increasing contact areas expected during pounding. 
The Hertz impact rule is expressed mathematically as follows [GB] (see Fig. 5.1 ): 
F = ~(x - a)312 (2.11) 
where: 
~ = assumed stiffness of the contact element 
x = relative displacement of the oscillating system 
a = at-rest separation gap. 
Davis [01] showed the insensitivity of the response of a SDOF oscillator to the value 
(3/2) of the Hertz exponent. However, the selection of a large exponent and small 
stiffness factor is important for cases where separation distance is small and there is a 
possibility of significant penetration between the adjacent structures. 
The main difficulty in the stiffness-based elements is the assignment of appropriate 
values for the spring and/or dashpot. While the global response has been found to be 
insensitive to these properties, as has been presented in the studies above, due 
consideration must be given in the selection of accurate values in studies of localized 
pounding effects and floor response spectra. 
Many recommendations have been made regarding the assumption of the impact 
element stiffness value. A number of these recommendations are enumerated below: 
• Wada et al. [W1] incorporated an impact element with a stiffness equal to the 
axial stiffness of the beams and slab at the impact level (5 000 t/cm). This 
approach was implemented in a number of later studies (Maison and Kasai [M3], 
Sinclair [S8]). 
• Anagnostopoulos [A 1] proposed an impact stiffness coefficient equal to twenty 
times the lateral stiffness of the more rigid equivalent SDOF system. 
• Anagnostopoulos and Spiliopoulos [A2] assigned stiffnesses to the impact 
springs such that the local periods of the mass-impact springs were less than the 
lowest translational periods of the pounding buildings. 
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• Maison and Kasai, [M3,M6] implemented a stiffness value corresponding to the 
axial stiffness of the floor slab at the postulated levels of contact (50 000 kips/in 
or 8.755x106 kN/m). The contact element damping was assigned values of 5% 
and 20%. No noticeable effect on the displacement response was witnessed for 
these differing values of damping. 
• Sinclair [88] incorporated a truss element with its stiffness equal to the axial 
stiffness of the smaller beam (6 x 106 kN/m). Included was the axial stiffness of 
an area of floor slab equal in length to twelve times its thickness, with an arbitrary 
length of one metre (as per NZS: 3101, 1995). Two types of impact element 
contact rules were compared: a bi-linear with slackness hysteresis rule and a 
Hertz contact law. 
• Filiatrault et al. [F2] assumed a value of impact element stiffness which would 
result in numerical convergence of the linked system. Free-vibration analyses 
were conducted for the linked system with various values of impact element 
stiffnesses. 
Various researchers [A 1, SB, ~v13] have indicated the relative insensitivity of the overall 
structural response to the assumed value of the impact element stiffness. 
Anagnostopoulos and Spiliopoulos [A2] postulated that the ductility demands are 
insensitive to the impact element stiffness, while some sensitivity is observed on the 
response from variation of the coefficient of restitution (see below). Maison and Kasai 
[M3,M6] noted the insensitivity of the peak displacement, drift and overturning moment 
to impact element stiffness, while a somewhat larger influence was observed on the 
maximum shears. However, the response of the shorter, stiffer building was not 
investigated in their study. Anagnostopoulos [A 1] also noted the insensitivity of 
displacement response to impact spring stiffness although the influence of this factor 
on the local accelerations was emphasized. 
Another form of impact modelling, which has been applied extensively and does not 
require the incorporation of gap elements, is that based on the conservation of energy 
(or momentum) and/or the enforcement of geometrical compatibility conditions. One of 
these models is the coefficient of restitution [G8]. The final velocities of centrally 
colliding bodies are determined based upon their initial velocities and a coefficient of 
restitution ( e) which accounts for plasticity due to impact. The final velocities of 




where v; and v~ are the initial and final velocities of bodies i = 1 and 2, and m; 
represents the masses of the bodies. The parameter e, known as the coefficient of 
restitution, is defined as follows: 
(2.13) 
The coefficient of restitution was originally considered to be a function of the material 
properties only. However, the effects of mass, shapes and relative velocities of the. 
impacting bodies have been acknowledged. Its value is between 0.0 (perfectly plastic 
impact) to 1.0 (perfectly elastic impact). Traditionally, the coefficient of restitution was 
determined from the rebound height (h\ which is the height attained by a sphere 






Anagnostopoulos [A 1] proposed a relationship between the dashpot constant (linear 
impact model) and the coefficient of restitution ( e) by means of equating the energy 
losses during impact as follows: 
(2.15) 
with ~· = - lne 
' ~rt2 + (lnef 
(2.16) 
where c0 is the dashpot constant of the impact element, k0 is the stiffness of the 
impact element and ~1 is the damping ratio. In Anagnostopoulos' study, the dashpot 
constants assumed for the viscous damping elements were assumed equivalent to a 
coefficient of restitution of 0.65. 




Anagnostopoulos [A 1] 
Maison and Kasai [M6] 
Anagnostopoulos and Spiliopoulos [A2] 
Athanassiadou,et.al. [A5] 
Leibovich, et al. [L6-7] 
(e) 
0.5 
0.53 & 0.85 
0.5 & 0.75 
0.2 - 0.8 
0.5 
Table 2.1: Values of coefficient of restitution Implemented by 
various researchers. 
Athanassiadou, et al. [AS] found that for a range of realistic values of the coefficient of 
restitution (0.2 to 0.8) the variations in the response were relatively minor. 
Anagnostopoulos et al. [A2] indicated the limited sensitivity of the ductility demand to 
the variation of the coefficient of restitution. 
Other energy-based pounding models are the Lagrange multiplier method [P2] and 
modal analysis method [C4]. A mathematical method in which contact is expressed as 
nonconvex and nonmonotone constitutive relations [L 13] allows friction at the contact 
nodes to be accounted for. 
2.7 Summary 
Based on the results of the studies presented above, the following assumptions were 
incorporated in the mathematical model implemented in RUAUMOKO: 
• A CONTACT-type member was assumed, with a Hertz contact rule (see Fig. 5.1). 
• The value of the impact element stiffness was based on the axial stiffness of the 
lower level (exterior) beams of the Rahman frame, to which was added an 
arbitrary width of slab (as per NZS 3101 :1995, Section 4.3.3.7). 
• As a constant damping (5%) was assumed for all modes of the system, the 
damping coefficient of the CONTACT member was assumed equal to zero. This 
is deemed to be a valid assumption due to the short duration of the impact 
events. 
• The time-step used in the analyses is 0.001 seconds, which is comparable to the 
recommendations of other studies [e.g. 88, A2]. Such a small temporal 
increment is necessary to detect the short-duration impact events. In addition, 
the significance of the time-stations at which the results were saved for 
implementation into the postprocessor was highlighted in this study. The 
implications of this aspect are presented in Chapter 5. 
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3. SOIL-STRUCTURE INTERACTION 
3.1 Introduction 
The effects of soil-structure interaction on structural response were first recognized 
during the San Francisco earthquake of 1906. The California Earthquake Commission 
Report [L2] noted that ''the firmer and more elastic a rock formation, the less the 
intensity of the earthquake shock it transmits to buildings standing on it; and there is a 
graduation in this quality from the firmest bed rock to the loosest gravel, sand and 
mud". These effects were introduced as "foundation coefficients" which represented 
the expected amplification of peak ground accelerations of a given site compared to a 
rock site. Since then, considerable analytical and experimental research has been 
conducted to gain more insight into the soil-structure interaction phenomenon. This 
research has been prompted by the developments in the atomic energy industry. With 
the massive size of the installations involved and the stringent safety requirements, the 
engineering profession has been compelled to more detailed consideration of soi!-
structure interaction effects. Some of the problems inherent in the investigation of soil-
structure interaction have been the identification of the various parameters which 
influence this phenomenon, the formulation of mathematical expressions incorporating 
these parameters and the solution of these expressions. Another concern has been 
the application of these extensive research findings into a form amenable to design 
office implementation. 
Traditional design office practice assumes a fixed connection between the structure 
and the supporting soil at foundation level. However, the response of a soil mass 
subjected to a seismic excitation is similar to that of any engineered structure with its 
own unique dynamic characteristics (i.e. mode shapes and natural frequencies), 
thereby affecting any structures the soil mass may be supporting. In general, the 
dynamic response characteristics of a soil mass differ from those of an engineered 
structure in the following respects: 
• The supporting soil mass is of infinite boundaries (an unbounded domain). 
• The presence of energy waves (both from the seismic event and the dynamically 
responding structure supported by the soil mass) propagating through the soil 
mass. These waves affect the properties of the soil and alter the dynamic response 
of the supported structure through the introduction of additional damping. In a 
layered soil profile, a portion of the waves emanating from the foundation-soil 
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intetiace may also be reflected from the boundaries of the underlying soil layers, 
returning to impinge on the foundation. 
• The material properties of the soil are strain-dependent, complicating the numerical 
and/or analytical modelling of its behaviour. 
From the above, it may be surmised that consideration of soil-structure interaction will 
not only affect the dynamic characteristics of the supported structure but also the 
nature of the input excitation. As the disparity between the dynamic properties of the 
structure and those of the supporting soil increases, the significance of soil-structure 
interaction effects increases proportionately. 
Despite the importance of soil-structure interaction effects and their possible 
repercussions on the structural response, the consideration of soil-structure interaction 
in conventional design office practice is not a routine procedure. This may be 
attributed to many factors, among them: 
• The complexity of available soil-structure interaction models, obscuring insight into 
the relevant parameters influencing soil-structure interaction. 
• The difficulty of incorporating these models into existing commercial structural 
analysis software. 
• The ambiguity of some building codes in defining the situations in which 
consideration of soil-structure interaction is requisite. 
Extensive research has been conducted in the development of realistic mathematical 
and physical models. Many simplifying assumptions are necessary to develop a 
rigorous analytical or numerical solution to the equation of wave-propagation through 
soil (upon which soil-structure interaction models are based). These simplifications 
include: 
• The type of seismic waves considered. 
• The nature of the soil profile at the site. 
• The geometric properties of the foundation. 
• The assumption of perfect bond at the foundation-soil interface. 
• The representation of a 3-dimensional problem by a 2-dimensional model, which is 
the most fundamental approximation [M1 O]. 
Advances in mathematical analysis techniques and computer technology have 
culminated in the development of simple easy-to-use numerical models. Despite their 
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ostensible simplicity, most of these models incorporate many of the important 
parameters that are of prime concern in a soil-structure analysis (e.g. foundation 
shape, embedment, condition of side-wall contact, etc.). A comprehensive review of 
the state-of-the-art and relevant developments has been presented by Gazetas [G2]. 
Verification of derived soil-structure interaction models has been conducted through 
observed response of existing instrumented structures [Z1, Z2], small- and large-scale 
tests of structures [F7, G1, W12] and foundation slabs [C5, G5, NS]. Gazetas and 
Stakoe [G5] have presented a brief review of a number of tests (besides those cited 
above) and the limitations and merits of the various methods employed in these tests. 
In this study, the soil-structure interaction model presented by Wolf [W8] is 
implemented. These discrete-element models, representing the force-displacement 
response (including inertial effects) of the rigid foundations, are applied directly under 
the supported structure. 
3.2 Effects of Soil-Structure Interaction 
The effects of consideration of soil-structure interaction in a dynamic analysis are 
twofold. The first effect is on the free~field excitation and the second is on the 
response characteristics of the oscillating system. 
3.2. 1 Effects of Soil-Structure Interaction on Seismic Excitation 
The presence of a soil layer above the bedrock will lead to a reduction in the bedrock 
motion due to overburden. The ground motion at the free-field will either be amplified 
or attenuated depending on the following: 
• Characteristics of the bedrock excitation (amplitude, frequency content and 
duration). 
• Soil profile (lateral homogeneity, layering, presence of bedrock and thickness of 
layers, history of formation). 
• Topography of the site. 
• Soil properties (for each layer shear strength modulus, Poisson's ratio, mass 
density). 
As an example, an excitation with predominantly low frequency components will be 
amplified at the free-field if the waves travel through an overlying soil mass with a long 
fundamental period (e.g. a deep soil layer or layers with low shear modulus). 
Therefore, a long period structure on this site will be more adversely affected than an 
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adjacent short period structure on the same site. However, a level of excitation may 
be attained which will result in excessive soil deformations leading to a loss in soil 
shear strength. This limits the excitation level that a site may be capable of sustaining 
[P6]. Site conditions at Mexico City during the 1985 earthquake were such that elastic 
response was maintained to high levels of soil shear strains. As a result, and due to 
the fact that the predominant frequencies of the seismic excitation were close to those 
of the soil site, the amplification of the bedrock motions at the free-field was substantial 
[W4]. The strain-dependence of the soil properties renders the determination of the 
site response under seismic excitations a difficult exercise. This will be presented in a 
subsequent section. 
The effects of soil-structure interaction were implicitly considered in this study through 
the application of the seismic excitation at the base of the soil-structure interaction 
models. In other words, the free-field seismic excitation was applied directly at the 
base nodes of the soil-structure interaction models with no modifications. 
3.2.2 Effects of Soil-Structure Interaction on Structural Response 
Due to the presence of the supporting soi! medium, the dynamic characteristics of the 
structure are modified as follows: 
• The introduction of a rocking vibration mode and an average horizontal translation. 
Base shears and moments, resulting from the dynamic response of the structure to 
the seismic excitation, increase the deformations at foundation level, thereby 
increasing these vibration modes. 
• The effects of these rigid-body components of motion are to vary the inertial forces 
along the height of the structure due to the change in the vibration mode shapes. 
• In addition, the natural periods of the structure are lengthened with repercussions 
on element ductility demands and overall system response. 
• Waves emanating from the foundation-soil interface dissipate energy, leading to an 
increase in damping. This damping is effected in two forms: 
i. Through the energy transmitted by the waves (radiation or geometric 
damping, first recognised by Reissner [R1] in 1936). 
ii. Through material (hysteretic) damping in the soil [V2, V3]. 
These waves may be reflected back into the bounded domain (structure and 
adjacent soil medium within the artificial boundary) in the case of a layered 
soil medium. The fundamental frequency of the soil layer determines the 
extent of radiation damping that will occur. If the excitation frequency is less 
than the fundamental frequency of the soil layer (as in the case of a shallow 
layer underlain by bedrock), damping will not occur and only material damping 
is present. This property of the soil layer is known as the cutoff frequency 
[W8]. The method of incorporating these two types of damping (radiation and 
hysteretic) in the impedance function will be presented in a subsequent 
section. Only radiation damping was considered in this study for the reasons 
stated in Section 3.3.2.2. 
3.3 Aspects of Soil-Structure Interaction Theory and Modelling 
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The soil mass responds to a dynamic excitation in a manner similar to any engineered 
structure. It therefore possesses damping, a fundamental natural period (in addition to 
higher harmonics) and will amplify excitations with natural frequencies close to those of 
the soil site. A structure subjected to an earthquake excitation will therefore not only 
respond to this (modified) excitation but also to the earthquake-induced dynamic 
response of the soil mass upon which it is supported. In addition to the assumptions 
pertaining to the modelling of the superstructure, many difficulties are also inherent in 
the modelling of the soil. The practical assessment and mathematical modelling of the 
dynamic material properties of the soil mass are quite complex. Many mathematical 
and mechanical (rheological) models (such as the Winkler [G2], Kelvin-Voigt [13], and 
Complex Composite models [K9]) have been developed to represent soil cyclic force-
displacement behaviour. In general, these rheological models comprise a spring-
dashpot system in series or in parallel, respectively representing the stress-relaxation 
and creep characteristics of the soil. Experimental studies are imperative in order to 
determine the accuracy of these representations. As an example, the model 
postulated by Pender [P5] comprises two Kelvin-Voigt systems in series. The upper 
system is representative of the non-linear soil adjacent to the foundation while the 
linear behaviour of the deeper soil is represented by the lower Kelvin-Voigt system. 
The fundamental precept of any soil-structure interaction problem is the determination 
of the relationship between the applied forces and the resulting displacements. The 




where Ka(ffi),Ra(ffi),u 8 (ffi) are, respectively, the (frequency-dependent) stiffness, 
dynamic force (or moment) and response (translation or rotation). The subscript a 
refers to the mode of vibration: horizontal, vertical, rocking, torsional and coupled 
horizontal-rocking. 
Since the force and displacement are generally not in-phase, it is more convenient to 
express the force-displacement relationship in complex notation: 
Ka(ffi) = Ka1(ffi)+ i Ka2(ffi) {3.2) 
where i = ~ in the second term, which represents the (90°) out-of-phase 
component of the impedance function. 
Roesset [R7] has drawn an analogy between the vibration of a 3-dimensional massless 
foundation-soil system and that of a single-degree-of-freedom (SDOF) oscillator. The 
equation of motion of a SDOF oscillator under a harmonic excitation 
R(t) = R 0 exp(iffit), assuming a harmonic response u(t) = u0 exp(iffit)is: 
Mu(t)+ Cu(t)+ Ku(t) = R(t) {3.3a) 
(K-M(J)2)+iCffi= Ro {3.3b) 
Uo 
where M, C and K are the mass, damping and stiffness, respectively, of the SDOF 
oscillator. Comparing Eqs. 3.2 and 3.3b, we note that: 
Ka1(ro)=K-Mro2 {3.4a) 
and {3.4b) 
From the above, it may be seen that the real part (Kat) of the dynamic impedance 
(Eq. 3.2) is a function of the stiffness and mass of the oscillating system. The 
frequency dependence of this real part (Eq. 3.4a) is reflected in the inertia term and 
not in the stiffness term. The imaginary term of Eq. 3.2 is the (90° out-of-phase) 
frequency-dependent damping and is representative of the energy dissipation due to 
the radiation of waves away from the foundation-soil interface (radiation damping). It is 
usually represented in the form of a viscous damper for mathematical expediency. 
Strain-dependent material damping (due to hysteretic behaviour of the soil) may also 
be introduced and will be presented in a subsequent section. 
The dynamic impedance function of a SDOF system may also be expressed in terms 




where ~ = G/ Ger is the critical viscous damping ratio and Ger= 2.J KM is the critical 
damping. The natural frequency of the oscillating system is con=~ K/ M . Thus, the 
dynamic impedance is expressed as the product of a static term Ka and a frequency-
dependent dynamic term (k a+ icoca). 
In a soil-structure interaction problem the determination of Eq. 3.1 necessitates the 
solution of the equation of wave-propagation. This is due to the effect of the exciting 
force, which elicits a response in the form of energy waves radiating from the point of 
application of the force. It is assumed that energy radiates only from the foundation-
soil interface (point of force application) to infinity (point of ensuing response), i.e. 
there are no incoming waves propagating from infinity to the foundation. This is known 
as the "radiation condition formulated at infinity". The dynamic stiffness coefficients, 
derived from the solution of the wave-propagation equation, must then be transformed 
into the time domain. This allows the application of these coefficients in a time-history 
analysis that the practicing engineer is more familiar with. In addition to familiarity, a 
frequency domain solution is not viable for a non-linear analysis since it requires the 
Fourier series expansion of the seismic excitation, the determination of the response 
for each term and, finally, the superposition of these terms to determine the total 
response. 
In addition to the above, other simplifying assumptions for the foundation-soil system 
are implemented in order to facilitate the solution of the equation of wave-propagation. 
These simplifications pertain to the following aspects [G2]: 
• Extent of foundation embedment. 
• Foundation base and wall-soil surface contact condition. 
• Foundation shape (geometry). 
• Soil profile and properties. 
• Foundation rigidity (which affects the stress distribution at the foundation-soil 
interface). 
In this study, rigid square separate footings are assumed. Perfect bond is assumed to 
exist between these footings and the surface of the non-layered elastic homogeneous 
soil upon which they are supported. 
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Some of the main features of the ~ynamic impedance relationship and the difficulties 
intrinsic to the soil-structure interaction phenomenon are presented briefly in the 
fallowing sections. 
3.3. 1 Boundaries of the Soil Mass 
Obviously, determination of the dynamic properties of the unbounded soil domain and 
its representation by means of a suitable physical model are challenging tasks. This is 
especially true in a finite-element type of solution which necessitates the discretization 
of an infinite domain. Researchers have resorted to the discretization of a finite 
domain by defining the limits of this domain with artificial boundaries. These 
boundaries encompass that part of the soil that affects the characteristics of the 
excitation and the response of the supported structure. The limits of this bounded 
domain (which includes the structure) must be at such a distance that any reflections 
of waves (which are emanating from the foundation-soil interface) impinging from the 
boundaries back into the bounded domain will not affect the analysis. This satisfies 
the radiation condition. The dynamic stiffness relationships are thus formulated not at 
infinity but at these artificial boundaries. However, in order to satisfy the radiation 
condition, a substantial portion of the soil mass would have to be included in the 
bounded domain. Other difficulties inherent in the development of artificial boundaries 
are [R4]: 
• The waves impinging on the artificial boundary are of various forms: body (in-plane 
and anti-plane shear, dilatational) and surface (Rayleigh, Love) and, therefore, must 
be treated accordingly. 
• The angle of incidence of the impinging waves on the boundary must be accounted 
for. 
• Some models are unable to deal with nonlinearities, not only those adjacent to the 
artificial boundary but at any location within the bounded domain. While this 
approximation (i.e. linear behaviour) is valid for most of the bounded domain, it is 
not true for that region of the soil adjacent to the foundation. In this region, 
significant nonlinearities may exist in the form of foundation lift-off (rocking) and 
high-amplitude strains. 
• The definition of the end conditions of the artificial boundary (e.g. free or fixed) is 
dependent on the site stratigraphy [R6]. 
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These issues will not be addressed here nor will the development of artificial boundary 
models. However, the two different analysis techniques that are based on the location 
and type of the artificial boundary are briefly summarized in the following sections. 
3.3. 1. 1 Direct Method of Analysis 
In this method the structure and adjacent soil are discretized by a suitable finite-
element mesh. The properties (boundary conditions) of the artificial boundary in this 
case are representative of the force-displacement characteristics of the "unbounded 
domain", i.e. the soil mass not included within the boundary. This "transmitting 
boundary" does not allow the reflection of impinging waves back into the bounded 
domain. This is achieved by virtue of its properties and its distance from the 
foundation-soil interface. In a rigorous analysis the boundary conditions are temporally 
and spatially global. This means that to advance one time station at a specific node 
requires information from all other nodes over the entire boundary for the previous time 
stations. Approximate solutions may be obtained through the application of boundary 
conditions that are local in space and time; only information from adjacent nodes 
during the same time station or a few preceding time-steps are required. The direct 
method is computationally expensive in that the discretization of a considerable portion 
of soil adjacent to the structure as part of the bounded domain is required. This 
implies the introduction of a significant number of degrees-of-freedom into the 
analysis. 
3.3.1.2 Substructure Method 
The artificial boundary is applied directly at the foundation-soil interface and the 
structure and soil are individually modelled as separate substructures in this method. 
The superstructure is discretized by a suitable mesh or represented by a spring-
dashpot-mass system. The force-displacement relationships (impedance functions) of 
the unbounded soil are derived through the solution of the relevant boundary-integral 
equations on the artificial boundary. These equations are derived through the 
application of the radiation condition formulated at infinity (Green's functions) and not 
at the artificial boundary as in the direct method. This is due to the nature of the 
artificial (transmitting) boundary which allows the energy waves to pass through it with 
almost no reflections. 
The Green's functions applied in a boundary-element formulation correspond to the 
boundary conditions applied in a finite-element solution. In the latter method, 
application of the boundary conditions to the assumed shape functions and solution of 
the ensuing system equations result in the interpolation functions, which are expressed 
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in terms of nodal displacements. In a boundary-element solution, these boundary 
conditions are in the form of integral equations which represent the response to energy 
waves resulting from a surface excitation. Approximations are applied in the form of 
prescribed stress and/or displacement conditions at the foundation-soil interface and 
the free surface to facilitate the solution of the system equations. Special analytical 
and numerical methods are then applied to the resulting boundary-integral equations to 
obtain the dynamic impedance functions. These dynamic stiffness coefficients are 
temporally and spatially global and are formulated at the common nodes on the 
artificial boundary at which the soil-structure system was discretized. The equations of 
motion of the total system are then formulated at these common nodes. This is 
achieved through the combination of the force-displacement coefficients (dynamic 
impedance coefficients) of the unbounded soil with the discretized equations of motion 
of the structure at the aforementioned nodes. This method allows the application of 
different analysis and modelling techniques for each individual substructure, which is 
the advantage of this method over the direct method of analysis. 
In either of the two methods presented above, the force-displacement characteristics 
of the unbounded soil domain may be represented by a spring-mass-dashpot system 
(also known as a discrete-element system) at the discretized nodes along the artificial 
boundary. The frequency-independent coefficients of this system may be derived 
through the application of the truncated semi-infinite cone model which will be 
subsequently presented. 
3.3.2 Dynamic Soil Properties 
The most important properties of the soil that define the dynamic response of the soil 
mass are the soil shear modulus ( G) and material (hysteretic) damping. Since both 
these values are strain dependent, the determination of exact values is problematic. 
These soil properties are not only dependent on strain amplitude but also on strain 
rates, number of cycles and duration of loading [R3]. The area within the hysteresis 
(shear stress-shear strain) loop is a measure of the energy dissipated by hysteretic 
action. The characteristics of the earthquake excitation are also an important factor in 
determining maximum stress levels. 
In general, soil tends to behave in a linear elastic manner up to certain strain 
amplitudes (levels of excitation) [P7]. The extreme manifestation of non-linear soil 
behaviour is liquefaction (saturated sand), with a reduction in free-field excitation and 
settlement being the more common manifestations of non-linear soil response. Due to 
the many parameters upon which soil behaviour is dependent, especially those 
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pertaining to the characteristics of the seismic excitation, the prediction of non-linear 
site response is onerous. Some of the parameters which may assist in the prediction 
of site soil behaviour have been presented by Pender [P7]. 
3.3.2. 1 Soil Shear Modulus 
The small strain shear modulus may be determined by laboratory tests (e.g. resonant 
column method [R2]) or in-situ methods (e.g. cross-hole method [89]). The latter 
methods are preferred due to the difficulty of obtaining undisturbed samples and the 
simulation of prevalent (pre-earthquake) stress conditions in the laboratory [Y2]. The 
shear modulus of the soil (Gs) is determined by means of tests measuring the shear-
wave velocity of the soil. The following equation is then applied: 
(3.7) 
where p and Vs are, respectively, the mass density (Tlm3) and shear-wave velocity 





where the elastic (Young's) modulus (Nlmm2) and Poisson's ratio of the soil are 
denoted by Es and Vsi respectively. The application of either of the two equations above 
is determined by the available data. 
Many factors influence the magnitude of the 
small strain shear modulus [R2], the most 
important of which are [R3]: the average 
confining pressure, void ratio, duration of 
application of load and shear strain amplitude. 
A number of researchers [e.g. A3, H2, H3, H4, 
H5, L 1, L8, 84, and T2] have quantified the 
variation of soil properties with strain 
amplitudes based on laboratory and in-situ 






Fig. 3.1: Soil stress-strain behaviour. 
Strain (y) 
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3.3.2.2 Soil Damping 
One of the most important features of soil-structure interaction is soil damping, which 
is manifested in two distinct ways: 
• Material damping resulting from a hysteretic energy dissipating mechanism due to 
frictional contact between the soil particles (see Fig. 3.1 ). 
• Radiation or geometric damping due to the propagation of energy waves away from 
the vibrating foundation. If the frequency of excitation is below the cutoff frequency, 
which is the fundamental frequency of the soil mass, no radiation damping occurs 





where n is an integer (1, 2, 3, etc.) which relates to the mode of vibration. The 
fundamental period of vibration of the soil is determined from Eq. 3.9 for n =1. The 
ability of the semi-infinite truncated cone model (implemented in this study) to simulate 
this feature [W8] is one of this model's most salient attributes. Radiation damping is 
discussed in subsequent sections while material damping is presented in the following 
paragraphs. 
As mentioned previously, extensive laboratory and in-situ tests have been conducted 
by many researchers to determine the shear stress-shear strain relationship for various 
types of soils. Consequently, many types of soil hysteresis models have been 
developed (e.g., Ramberg-Osgood model [R3]) to represent the stress-strain 
characteristics of soil from a number of basic parameters. The material damping may 




where the various terms are defined as (see Fig.3.1 ): 
(3.10) 
L1W = The area under the hysteresis curve A-A', representing the total energy input 
into the system. 
W = Area OAB, which is representative of the elastic energy stored in a spring 






where K is the static stiffness of the spring (equal to the static stiffness of the soil 
mass) and w is the spring displacement (soil deformation). 
The hysteretic damping ratio is denoted by s and may be determined experimentally 





where 8 represents the experimentally derived phase angle [S4,V2] between the 
stress and the associated strain for the harmonically oscillating soil specimen. 
Expressing Eq. 3.1 O in terms of Eq. 3.12 leads to a frequency-independent formulation 
for the material damping. Alternatively, a frequency-dependent expression may be 
derived through the application of a Voigt viscoelastic model [V3] as follows. 
Expressing Eq. 3.1 O in an alternative format: 
~W = 2 1t roG' 
W G 
(3.13) 
where mis the frequency of excitation, G' and G are the shear moduli of viscosity and 
elasticity, respectively. In a frequency-independent (constant hysteretic) formulation 
(Eq. 3.12) [03], the parameter roG' is a constant value and tan o = roG' / G whereas, in 
a Voigt solid model, the constant value is G' and Eq. 3.13 is frequency-dependent. 
For the frequencies of interest in an analysis involving seismic excitations, the use of 
the constant hysteretic model (Eq. 3.10) is more appropriate. This has been 
corroborated by stress-strain tests conducted on soils [03, R2,S4] which demonstrated 
the dependence of ~ W / W on strain amplitudes. 
In the soil-structure interaction model used in this study, the incorporation of hysteretic 
(material) damping may be accomplished through the correspondence principle [M12, 
W8]. This principle allows for the changes in the elastic constants, due to the 
consideration of material damping, through the implementation of a complex factor 
( 1+2 it; s) into the relevant elastic constants as follows: 
Ge= Gs (1+2il;s) 
Ecs = Ec(1+2i t;J 
v cs = vs ~ 1 + 2 i t; s ~ vs ( 1 + i t; s) 
vi;p = Vp~1 +2iss ~ vp(1 + it;s) 
(3.14a-d) 
where the subscript s denotes the material-damped elastic coefficient and i = n . 
The shear modulus of the soil is denoted by Gs and the Elastic (Young's) Modulus by 
E. The shear and dilatational wave velocities are denoted by Vs and Vp , respectively. 
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The material damping ratio of the soil is denoted by ( 5 , where the subscript s 
designates soil. The amplitudes of the stiffness and damping coefficients of the cone 
model (presented in the following sections) are modified as follows: 
Pei= pv2 (1+2iss) 
imp Cr,= iropv(1 + i sJ {3.15a,b) 
where the relevant value of the wave velocity v corresponding to the mode of vibration 
is substituted. The mass density (kg/m3) is denoted by p. Through the application of 
the correspondence principle, Wolf [W8] has developed linear (Voigt viscoelastic) and 
nonlinear (frictional) elements, representative of soil material damping, for 
incorporation into the discrete-elements of the semi-infinite truncated cone model. 
These damping elements may be implemented directly, along with the discrete-
element models, in time-history analysis software. In this study, the material damping 
of the soil was not accounted for in the soil-structure interaction models utilized herein. 
This was due to the application of a constant damping model (5% damping across all 
modes) in the mathematical model of the structure-soil system. The assumed model 
was deemed to be representative of the tota! system damping due to the difficulty of 
determining and isolating the damping characteristics of the various components 
(moment-resistant frames, impact elements and soil mass) which comprise the total 
system. 
3.'4 The Semi-Infinite Truncated Cone Soil-Structure Interaction 
Model [W8] 
The lumped-parameter models (LPM) which are incorporated in this study are based 
upon the discrete-elements derived from the cone models, as presented by Wolf [W8]. 
The (one-dimensional) truncated semi-infinite cone representation of the (three-
dimensional) soil domain beneath a rigid massless foundation was first developed by 
Ehlers [E4] in 1942 for the translational degree of freedom. That for the rocking mode 
was derived by Meek and Veletsos [M9] in 1974. 
The (frequency-independent) spring-mass-dashpot system of the LPM, derived from 
the cone model, incorporates many of the salient features of the soil-structure 
interaction phenomenon while at the same time maintaining ease of implementation 
into existing software. The cone model differs from existing methods, such as those 
based on curve-fitting techniques, in that a strength-of-materials approach is applied in 
the derivation of the cone properties without violating the fundamental principles of the 
half-space theory. 
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Although some attributes of the semi-infinite truncated cone model have been 
questioned, these reservations have been disproved [M11 ]. These contentions pertain 
to the following aspects: 
• Application of a strength-of-materials approach in lieu of the rigorous half-space 
theory in the formulation of the system equations. 
• The omission of Rayleigh waves in the wave propagation formulation. 
• The validity of excluding the unbounded soil domain outside the cone region. 
The ~,8.se of implementation into existing dynamic analysis software, of visualization 
and the range of foundation cases which it covers [M11, M12, W6, W7, W8, W9] are 
the main reasons for incorporating the discrete-element model derived from the cone 
model in this study. 
3.4.1 Derivation of Semi-Infinite Truncated Cone Model 
For each degree-of-freedom, the semi-infinite truncated cone represents (as a first 
approximation) the three-dimensional linearly elastic undamped homogeneous 
uniayered soii mass beneath the massless surface foundation (basemat). The 
extension of the cone model to other soil profiles and foundation embedment 
conditions is possible through the manipulation of the basic cone model (representing 
the homogeneous unlayered half-space) presented herein. For layered media, a 
layered cone model is constructed from the wave pattern resulting from the reflections 
and refractions of the propagating wave off the layer boundaries [W8, W9]. 
The system equations for any type of cone model (layered or unlayered) may be 
solved at the foundation-soil interface only and not for the entire soil domain within the 
cone. Thus, the discrete spring-mass-dashpot system derived from the cone model 
defines the three-dimensional force-displacement relationship of the massless footing 
(basemat) at the foundation-soil interface and not along the entire depth of the semi-
infinite truncated cone. Similarly, if the fixed node (i.e. that which is not connected to 
the structure) is defined as the base node of the discrete system, then the application 
of a seismic excitation at this base node does not imply the excitation of the base of 
the cone model (bedrock layer), but the excitation of the foundation base. Thus, the 
dynamic excitation applied in this manner is representative of the earthquake record 
modified due to the presence of the soil layers (represented by the discrete-element 
system) and is not the free-field motion. 
The dynamic impedance function, describing the dynamic force-displacement 
properties of the unbounded soil medium, may be expressed in terms of a static term 
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(Ka) and a dynamic term (ka + iroca) where a denotes the mode of vibration (Eq. 3.6). 
The static stiffness component derived below expresses the response of the cone 
model to an excitation of frequency OJ= 0, whereas the dynamic stiffness coefficient is 
based on the one-dimensional propagation of a wave through the cone model. This 
reflects the doubly-asymptotic nature of the dynamic impedance function, in which 
convergence to the true values is attained at the limits OJ= O and OJ = 00• 
3.4.2 Special Considerations 
Inspection of results from rigorous solutions of the dynamic-impedance coefficients 
(stiffness and damping) of a disk on a homogeneous half-space reveals that special 
treatment is required for the vertical and rocking oscillations of foundations (where 
dilatational waves are produced) in nearly incompressible soils, 1/3::; vs ::; 1/2. This 
treatment appertains to two aspects: the first relates to the value of the dilatational 
wave velocity and the second to the consideration of a "trapped" mass oscillating in-
phase with the foundation. Both of these factors will be presented in this section. 
For the torsional and horizontal translational modes of vibration, only shear waves are 
generated. Therefore, the value of the shear \AJave velocity \,'s is applied in the relevant 
equations to determine the cone dimensions and the values of the dynamic-impedance 
coefficients. The value of the shear wave velocity is equal to: 
(3.16) 
and remains finite for all values of Poisson's ratio Vs of the soil. 
For the case of the rocking and vertical translational modes, the dilatational wave 
velocity Vp is incorporated in the relevant equations, where: 
(3.17) 
It may be seen that the value of Vp approaches infinity for values of Vs equal to 0.5, 
which is the case for saturated soils. Substitution of a dilatational wave velocity 
Vp = 2vs into the equations of the dynamic-impedance coefficients for the case of nearly 
incompressible soils, where 1/3::; vs ::; 1/2 is deemed to be the most suitable selection 
for the following reasons: 
• This value yields the correct asymptote for high-frequency damping for both values 
of Vs= 1/3 and 1/2. 
• It provides a best-fit for the low-frequency range of excitation. 
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Therefore, the values of the dilatational wave velocity for the relationships defining all 
aspects of the cone model (aspect ratio of apex height to equivalent foundation radius 
and dynamic-stiffness coefficients) and for the different Poisson's ratios are as follows: 
v = Vp for vs ~ 1/3 (3.18a) 
V = 2 Vs for 113 <Vs 5 112 (3.18b) 
The second feature, i.e. the "trapped" mass, may be explained as follows. Recalling 
Eq. 3.3b: 
Ro= Ka(ro) = (K -M ro2 )+ iCro (3.3b) 
Uo 
it may be noticed that the dynamic spring (real) term of the dynamic impedance 
formula is augmented by a mass oscillating in-phase with the basemat. This trend is 
also observed as a downward-parabolic tendency in the rigorous expressions for the 
dynamic-stiffness for certain values of Poisson's ratio (Vs) and dimensionless 
frequencies, a 0 = ro r 0 / vs (Figs. 2.6, 2.7, 2.21 in Ref. [W8]). For all values of Vs, 
except exactly vs= 1/2, the trapped mass gradually melts away with increasing values 
of a0 • In this case, the dynamic-stiffness curve displays an increase until all the mass is 
dissipated and only the spring remains. In the discrete-element representation of the 
cone model, this trapped mass is determined through the application of curve-fitting 
techniques to obtain the values shown in Table 3.1. 
All Vs 5 113 1/3 <Vs< 1/2 5 1/3 113<v .. s1/2 All v, 
Vs Vp 2V5 Vp 2Vs Vs 
0 0 2.4(v 5 -1/ 3)p Aoro 0 1.2(v 5 -1/3)pforo 0 
Table 3.1: Trapped masses and relevant wave velocities for various Poisson's ratios and modes of vibration. 
42 
3.4.3 Static Stiffness Coefficient of Cone Model 
3.4.3. 1 Translational Modes of Vibration 
The geometric properties of the semi-infinite truncated cone are such that the cross-
sectional area, representing the stress distribution under the basemat of a point load 
applied on the equivalent disk at the surface, increases linearly with depth as: 
(3.19) 
where A is the cross-sectional area of the cone at any depth z, and Ao= n r~ is the 
area of the equivalent disk on the surface (see Fig. 3.2). This equivalent radius of the 
massless foundation is determined for the translational modes by equating the area of 
the rectangular foundation to that of an equivalent disk. Gazetas et al. [G4] have cast 
doubts on the validity of this ,t 
approximation for embedded 
foundations with aspect ratios UB > 
3 where L and B are the foundation 
length and width, respectively. 
These doubts extend to the 
rotational degree-of-freedom as 
well. Roesset et al. [RS], however, 
have demonstrated the validity of 
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Consider an element of infinitesimal Fig.3.2: Cone model of soil beneath rigid foundation for translational 
degree-of-freedom (adapted from Wolf [W12]). 
height dz and cross-sectional area 
z, subjected to an axial force N resulting from a vertical force P0 acting on the 
equivalent disk (representing the foundation). The axial .displacement resulting from P0 
is w0 at the disk and w at any depth z along the axis, measured from the cone apex. 
The condition of static equilibrium at the element is expressed as: 
aN 
-N+N+-dz=O az (3.20) 
By applying the force-displacement and constitutive. relationships, the following 
relationship is obtained: 
aw 
N=E A-
c az (3.21) 
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where Ee is the constrained modulus defined as Ee= p v~ or, alternatively, as 
Ee=(2G 5 )(1-v 5 )/(1-2v 5 ), where p is the mass density (kg!m3), Vp is the 
dilatational wave velocity (m/s) , Gs is the elastic shear modulus (N/mm2) and v.. is 
Poisson's ratio of the soil. 
Substituting Eq. 3.21 into Eq. 3.20 leads to: 
a2 w + 2 aw= 0 
d z 2 Z dZ 






The solution of Eq. 3.22 is of the form wz = Ct+ c 2 z, where Ct and c2 are integration 
constants. Applying the boundary conditions: 
leads to: 
w(z= Zo)= Wo 
w(z= oo) = o 
w = wo(zo/ z) 
(3.23a,b) 
(3.24) 
At the surface of the soil (i.e. at z = z0), the axial force N is equal to the external vertical 
load P0 • Recalling Eq. 3.21, this leads to: 






The latter equation defines the static stiffness K of the translational cone in vertical 
motion. In a similar manner, the case of the static stiffness coefficient of a 
translational cone in the horizontal direction may be derived, leading to an expression 
similar to Eq. 3.27 with the elastic shear modulus Gs in lieu of Ee. If these two values, 
Gs and Ee, are expressed in terms of the corresponding shear wave velocities, the 
general expression for the translational cone is obtained as: 
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2 
K = Pv Ao (3.28) 
Zo 
where v equals Vp (dilatational wave velocity) and Vs (shear wave velocity) for the 
vertical and horizontal motions, respectively. 
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The radius of the equivalent 
disk is determined for the 
rotational modes of vibration 
(rocking and torsion) by 
equating the moment of inertia 
(second moment of area) of 
the basemat to the moment of 
inertia (rocking) or polar 














an equivalent disk (the same Fig.3.3: Cone model of soil beneath rigid foundation for 
rotational degree-of-freedom (adapted from Wolf 
reservations apply here for the rw12n. 
case of an embedded foundation as in the translational vibration modes [G4]). In this 
section, the derivation of the static-stiffness coefficient Ke of the equivalent (massless) 
disk of radius r0 , subjected to a moment M resulting in a rotation e, is presented (see 
Fig. 3.3). This disk, with moment of inertia (second moment of area) 10 = (rt/4)r~ for 
the rocking mode, is supported on the surface of a linearly elastic nonlayered 
homogeneous soil. The moment of inertia at any depth z may be expressed as 
I= 10 (z/ z 0 )
4
• Substituting the moment-rotation relationship M = £ 0 lae/az into the 






a2 e + 4 ae = 0 
az2 z az 
(3.29) 
(3.30) 
The solution of Eq. 3.30 is of the form e = za which, when substituted into Eq. 3.30, 
leads to: 
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c/+3a=O =>a1=0 ,a2 = -3 (3.31) 
The solution is thus: 
(3.32) 
Enforcing the boundary conditions, e(z = z0 ) = 90 and e(z = 00 ) = O, allows the 
determination of the coefficients c1 and c2• Equation 3.32 is therefore: 




Substituting Eq. 3.33 into Eq. 3.34 results in: 
M 
_ 3Ecfo
8 o- 0 
Zo 









The torsional static stiffness may be derived in an analogous manner with the shear 
modulus Gs and polar moment of inertia / 0 = (rt/ 2) r~ substituted in lieu of E0 and /0 
respectively. Expressing the moduli in terms of the respective wave velocities yields: 
(3.37) 
where v equals Vp for the rocking mode and Vs for the torsional mode. 
3.4.4 Aspect Ratios of Cone Models 
From the static stiffness coefficients of the cone models derived above, it is now 
possible to derive their aspect ratios. This is achieved by equating the static stiffness 
of the cone model (derived above) to the rigorous solution of the disk with radius raon 
the surface of a half-space derived by other researchers (e.g. [G2, G6, P1] and 
reproduced in Table 3.2) for each degree-of-freedom. As an example, this will be 
presented below for the vertical vibration mode. 





It may be seen from Table 3.2 that the cone model approach differs from other 
methods in that the opening angle of the cone is a function of the Poisson's ratio of the 
soil and not a fixed value (e.g. 45° as assumed by Gazetas and Dobry [G3]). 
9rc 
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Tab!e 3.3: Static stiffness coefficients of rigid disk on surface of half-space [G2] and aspect ratios of 
truncated semi-infinite cone models [W8]. 
3.4.5 Dynamic Stiffness Coefficients of Cone Model 
3.4.5. 1 Translational Mode of Vibration 
The same infinitesimal element as shown in Fig. 3.2 is subjected to a harmonic force 
resulting in inertial forces in the element: 
-N+ N+ aN dz-pAwdz = O 
az (3.40) 
The wave propagation equation results from substitution of Eq. 3.21 into Eq. 3.40: 
a2 1 a2 -(zw)---(zw)= O 
dZ2 v~ at2 
(3.41) 
If only outwardly propagating waves are considered, the solution of Eq. 3.41 is: 
[ 
Z- Zo) 
ZW = Zo f t-----;;- (3.42) 
where f is an arbitrary function which is equal to f(t)= w0 when w(z= z0 )= w0 , 
leading to: 
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Zo [ Z- Zo) W=-wo t---
z Vp 
(3.43) 
The first derivative of Eq. 3.43 with respect to z (i.e. the strain along the wave path) is: 
OW =-z~Wo[t- Z-z0 ) _ _!..E._W'o[t- Z-zo) (3.44) 
OZ Z Vp ZVp Vp 
where w' 0 is the first derivative of Wo with respect to the argument [t- (z- z 0 / v p)]. 
Applying Eq. 3.44 into Eq. 3.21 at z = z0 leads to: 
(3.45) 
where w0 =w'0 (t-(z-z0 )/vp) atz=zo. The definition Ec=Pv~ was incorporated in 
the right-hand side of the equation. Equation 3.45 is the force-displacement 
relationship for vertical vibration that may be generalized to express both components 











and C = pv Ao (3.47c) 
defining the frequency independent stiffness and damping coefficients, respectively. 
The value of vis equal to Vp for vertical translations when v ::::: 1/3 and is equal to Vs for 
horizontal modes of vibration. The formulation for the nearly incompressible state (i.e. 
when 1/3 < v ::::: 1/2) will be presented in a subsequent section (Section 3.4.6) as this 
case necessitates the consideration of certain aspects (Section 3.4.2). 
3.4.5.2 Rotational Mode of Vibration 
The dynamic equilibrium of an infinitesimal element within the cone model in rocking 
(Fig. 3.3) may be expressed as: 
oM .. 
-M+M+-dz-p/edz= o az (3.48) 
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where M is the moment applied on the element and (} is the ensuing rotation. 
Recalling the moment-rotation relationship M = E0 fo8/oz and substituting in Eq. 3.48 
leads to: 
a 2 8 + 4 a8 _ _ 1 a 2 8 = 0 
oz2 z az v~ at2 
(3.49) 
This is the wave-propagation equation for the rotational mode of vibration 
corresponding to the translational mode expression of Eq. 3.41. Assuming a harmonic 
excitation which elicits a response of the form 8( ro) = 90 ekot, where 90 is the amplitude 
of the response, and substituting into Eq. 3.49 yields: 
(3.50) 
The solution of this equation in the asymptotic limit of high-frequency excitation is of 
the form: 
(3.51) 
in which the prescribed rotation 8(ro) elicits waves propagating only in the positive x-
direction with amplitude 90 (00). The exponent m in Eq. 3.51 is determined by 
substituting Eq. 3.51 into Eq. 3.50: 
2 iroz ( ) m -3m+- 2m-4 = o (3.52) 
Vp 
For the solution at the asymptotic limit, ro ~ oo, the imaginary term of Eq. 3.52 
dominates and m = 2 is obtained. Equation 3.51 is thus: 
S(ro) = e0 (ml(~ r e-1~J Z -zo) (3.53) 
Substituting the derivative of Eq. 3.53 at z = z0 into the moment-rotation relationship 
( ) 080 (00) . Id Mo ro = Ecf o , y1e s: az 
( ) 
( 
2p v~ Io . ) ( ) 
Mo ro = Zo + trop Vplo 80 ro (3.54) 
From this equation, the following coefficients in the high-frequency limit may be 







Comparing the damping coefficients expression for the translational (Eq. 3.47c) and 
rotational (Eq. 3.55b) modes of vibration, the independence of these terms from the 
height of the cone z0 is noted. 
The semi-infinite prismatic rod is represented by the cone model at zo = oo. This 
results in K from Eq. 3.47b being equal to zero and the damping C equal to p v P in the 
vertical direction and p Vs in the two tangential directions (Eq. 3.47c). This verifies the 
aforementioned (Section 3.4.1) doubly-asymptotic nature of the dynamic stiffness 
coefficients derived by the cone model. 
3.4.6 Discrete-Element Representation of the Foundation-Soi/ 
System 
In the preceding sections, the dynamic impedance coefficients of the semi-infinite 
truncated cone were derived. In this section, the incorporation of these coefficients 
into an equivalent spring-mass-dashpot system, i.e. the formulation of the discrete-
element model, will be presented. For the case of the translational degrees-of-
freedom, this entails the incorporation of the dynamic-stiffness coefficients into a 
spring-mass-dashpot system attached to the underside of the basemat (Fig. 3.4). The 







and C = pv Ao (3.47c) 
where, for v:::; 1/3, v = Vs for horizontal translation and v = Vp for vertical translation. 
An added mass is incorporated for the vertical degree-of-freedom in a nearly 
incompressible soil mass ( 113 <vs~ 112), as follows (see Section 3.4.2 and Table 3.1 ): 
Po = Kw o + CW o + t:i.M w o ( t) (3.56) 
where the trapped mass '1M is determined from curve-fitting to be equal to: 
t:i.M =µpr~ (3.57) 
with µ=2.4n(vs -1/3) (3.58) 
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and (3.59) 
These equations, 3.47a and 3.56, are the rigorous discrete-element representations of 
the translational cone with frequency-independent coefficients. 
The situation is slightly more complicated for the rotational degree-of-freedom as the 
moment-rotation relationship involves the recursive evaluation of a convolution integral 
(since the numerical quadrature is an inefficient and impractical solution technique). 
This convolution integral, defined by Wolf [W8] as the regular or lingering part, 
represents the "memory" of the moment-rotation formulation as it depends on all 
previous values of the rotational velocity. 
The moment-rotation formulation is expressed as: 
t 
M o(t) = K a8o(t)+ Ca Bo (t)- J ht(f- "C )Ca Bo ( 't )dt (3.60a) 
0 
where Ke and Ce are given in Eqs. 3.37 and 3.55b as follows: 
(3.37) 
and Ca=PVfo (3.55b) 
The first two terms of Eq. 3.60a are known as the singular part or the instantaneous 
contribution to the response as they are functions of the current values of the rotation 
and rotational velocity, 90 and Bo' respectively. The negative integral is the 
aforementioned convolution integral in which the first term is the unit-impulse response 
function: 
(3.60b) 
= o for t < o (3.60c) 
The singular part of Eq. 3.60a represents the cone model with the corresponding 
implication of exact results for the limits of high- and low-frequency excitation. The 
regular (convolution integral) term is pertinent only in the intermediate-frequency 
range. This term may be implicitly incorporated in the discrete-element model, shown 
in Fig. 3.4, as an additional internal degree-of-freedom 8 1 with a connected mass 
moment of inertia Ma: 
Ma=Pzofo (3.61) 
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Equation 3.60a applies for the torsional degree-of-freedom with v = V5 and 10 = nr~I 2. 
For the rocking degree-of-freedom when Vs~ 113, the definitions v = vpand 10 = nr~I 4 
apply for the wave velocity and mass moment of inertia, respectively. However, for 
nearly incompressible soil ( 1/ 3 <vs ::;; 1/ 2 ), the incorporation of an additional mass to 
the singular part of Eq. 3.60a becomes necessary (Section 3.4.2 and Table 3.1): 
t 
Ma (t) =Ke ea(t)+ Cee 0 (t)+ ~Me 80 (t)- J ht(t- 't )Cee 0 ( 't )cit (3.62) 
0 
(3.63) 
µ 0 = 0.3n(v s -1/3) (3.64) 
In order to demonstrate the equivalence of the assumed discrete-element models to 
the moment-rotation relationships (Eqs. 3.60a and 3.62), the case of Eq. 3.60a will be 
presented below. 




Substituting Ce from Eq. 3.55b and Me from Eq. 3.61 into Eq. 3.66 results in: 
Zo.. . . 
-01+ 81 = 80 
v 
(3.67) 
In order to solve this second-order ordinary differential equation (first-order with 
respect to 01 ), a correspondence is established with the solution of the e~~ation for 
the translational degree-of-freedom case in the following manner. Equation 3.47a, 
shown again below: 
Pa=Kwa+Cwa (3.47a) 
may be expressed as: 
Zo · Po ~( ) -h1+h1=-=u t 
v K 
(3.68} 
where h1 = Wais the unit-impulse response function for the translational cone and 3 (t) 
is the Dirac-delta impulse. The solution of this unit-impulse response function is similar 
to that of Eq. 3.60a and Eq. 3.62, (see Equations 3.60b and c). 
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The solution of Eq. 3.68 is obtained by determination of the Duhamel's integral, 
representing the total response of the contributions of the infinitesimal pulse 
(1/K)P0 (r)dr to the unit-impulse response function h1 (t-r) for the time-interval (t-r): 
1 Po('t) 
uo(t) = f ht(t- -r:)--dt 
a K 
(3.69) 
Noting that Eq. 3.67 is analogous to Eq. 3.68, therefore the solution of the former 
equation is analogous to Eq. 3.69 as follows: 
I 
e1U)= f ht(t--r:)eo(-r:)dt (3.70) 
0 
Substitution of this equation into Eq. 3.65 yields Eq. 3.60a, thereby establishing the 
coincidence of the discrete-element representation with the moment-rotation 
relationship of a disk on a homogeneous half-space, derived from the cone model. 
3.4.6. 1 Alternative Method of Derivation of Lumped-Parameter Model 
Coefficients 
In parallel with the above derivations, a mathematical derivation of consistent lumped-
parameter models has also been postulated by Wolf [W7]. 
Conventional lumped-parameter representations (e.g. [R2]) assume an initial spring-
mass-dashpot configuration with unknown coefficients. A transfer function in the 
frequency domain is derived which is a non-linear function of these unknown 
coefficients. The coefficients are subsequently determined through the application of 
suitable curve-fitting techniques (over the frequency range of interest) between the 
transfer function and the exact value determined from a rigorous solution, such as the 
boundary element method. The drawbacks of this method may be enumerated as 
follows: 
• Some of the coefficients derived in this manner may be complex numbers 
necessitating the application of special algorithms in the dynamic analysis. This 
restricts the applicability of conventional dynamic analysis software. 
• The assumed configuration of the spring-mass-dashpot system, upon which the 
transfer function is based, will determine the likelihood of obtaining real coefficients. 
An inappropriate selection will lead to a system of non-linear equations from the 
curve-fitting process and complex coefficients. In addition, stability is not 
guaranteed. This means that the validity of the initial configuration can only be 
ascertained at the end of the analysis when the deviation of the derived coefficients 
from the real values is assessed. 
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These factors have compelled researchers to formulate a systematic procedure for the 
determination of the (real) coefficients of the assumed lumped-parameter model. The 
procedure postulated by Wolf [W7] overcomes the above deficiencies. This technique 
may be summarized as follows. 
The dynamic stiffness coefficient in the frequency domain (Eq. 3.6 expressed in terms 
of the dimensionless frequency) is taken as the transfer function. This coefficient is 
decomposed into a singular part (which is equal to its asymptotic value at the limit 
a0 ---7 oo ) and the remaining regular part. This regular part is approximated as a ratio of 
two polynomials in ia0 with the degree of the numerator being one less than the 
denominator (i.e. m-1 assuming the degree of the latter is m). This ratio is expressed 
as a partial-fraction expansion and the 2m-1 real coefficients are determined through a 
curve fitting technique based on the least-squares method. Each term of the resulting 
expansion (containing real coefficients) represents a discrete-element model with 
varying degrees of approximation. The coefficients of the singular part are: 
(3.71) 
where a0 is the dimensionless frequency (m r0 IVs), K is the static stiffness, k and care 
the non-dimensional coefficients of the spring and dashpot. For the translational 
degree-of-freedom in the horizontal direction c may be determined by equating the . 
second term in Eq. 3.71 to Eq. 3.47c: 
iroK r 0 • 
--C = lillAoP Vs (3.72) 
Vs 
For the vertical and rotational degrees of freedom, Vs is replaced by Vp and the 
foundation area A0 is replaced by the second moment of area /0 • The non-dimensional 
spring coefficient (k) vanishes for a plane basemat-soil interface. 
3.5 Soil Properties Incorporated in this Study 
In order to highlight the effects of soil-structure interaction on the structural 
configurations implemented in this study, soft soil conditions (sand) were assumed. 
The relevant soil properties for the soil-structure interaction model are presented in the 
table below. These were chosen from representative values cited in the indicated 
reference. 
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.'Mass densltY Shear wave. 
.·. (~~!ll3) · ·•. veloclty (mis) 
Sand 1750 81.2 
}Dllatatlonal wave: 





Table 3.4 : Properties of sand incorporated in soil-structure interaction model (04). 
Since this study involves conventional multi-storey structures, it was not deemed 
necessary to complicate the analysis through the incorporation of a large number of 
soil parameters. Only those parameters that are necessary to elucidate the 
differences in the neglect of the soil mass on the dynamic response of the structure 
were incorporated. For this reason aspects such as the effects of soil porosity, water 
content, effective confining stresses, etc. were not investigated. 
Reference [ES] presents the characteristics of the soil profile prevalent in Christchurch. 
The top layer (2S meters) of the coastal region (extending from South New Brighton to 
Avonside) is predominantly sand (Silty sand to sand), while the City (Cathedral Square) 
consists of a top layer (approximately 1 O meters) of peat of highly organic fine grained 
soils underlain by a thick layer (>2S meters) of predominantly gravelly material. Thus, 
a seismic event in the Christchurch region will be highly susceptible to magnification 
due to these deep quaternary sediment deposits. 
3.6 Summary 
The consideration of soil-structure interaction has developed from foundations of 
machines [81, G2] and nuclear energy facilities [L3, L1B, L19] to more conventional 
civil engineering structures such as dams and multi-storey buildings [J3, W1 O]. 
Extensive analytical and numerical studies have been conducted to model this complex 
phenomenon and to facilitate the application of these findings into conventional design 
office practice. Comparisons of the actual response of structures to the predicted 
design response values has also been investigated [G1, Z1, Z2] in addition to 
experimental corroboration of the theoretical findings [CS, GS]. Many problems are 
inherent in the soil-structure interaction phenomenon; some of these relate to the 
determination of dynamic soil properties [A3, 03, H2-H6, L 1, LB, P6, P7, 04, R3, S4, 
S9 , T2], the modelling of the foundation with respect to embedment conditions, side-
wall contact, and geometry of foundation [A6, 86, E6, F6, F7, G4, G6, H7, L 14, M13, 
NB, S10, W6, W9, W11], while other factors include the site soil profile [L 18-L20, 
W13]. 
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The implementation of a simple mechanical model allows for the representation of the 
nonlinear behaviour of the soil and overcoming the approximations (pertaining to the 
boundary conditions) requisite in an analytical solution. The model implemented in this 
study is the basic lumped-parameter model presented by Wolf [W8]. The assumptions 
incorporated in this study in the application of this model are as follows: 
• All foundations were designed as square surface foundations since the required 
embedment depth was considered to be negligible in comparison with the layer 
thickness. The presence of rigid tie beams ensured their stability in the lateral 
direction and enforced rigid behaviour of the foundation system (i.e. foundation 
flexibility was not considered). 
• An unlayered homogeneous soil deposit (sand) supported the structures. 
• Perfect bond existed between the supporting soil and foundations. 
• Radiation damping only was assumed to exist in the soil mass due to the 
assumption of a Constant Damping model (5% for all modes) for the numerical 
model incorporated in RUAUMOKO [C1 ]. 
The main source of error in the numerical model lies in the 2-dimensional modelling of 
the 3-dimensional system. This gross simplification leads to an overestimation of the 
2-dimensional radiation damping and an underestimation of the stiffness in comparison 
to the actual 3-dimensional case [M1 O]. 
A schematic representation of the soil-structure interaction model implemented in this 
study is shown in Fig. 3.4 incorporated under the foundations of the twelve-storey 
frame. 
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4. THROUGH=SOIL COUPLING 
4.1 Introduction 
When the proximity of structures is such that pounding is a realistic possibility, the 
transfer of dynamic response effects through the soil must also be taken into 
consideration. As in the case of soil-structure interaction (Chapter 3), the development 
of the dynamic response matrix of the soil mass to time-varying forces (impedance 
matrix) is an important step in the analysis process. The same precept applies for 
multiple foundation systems. However, in this case, the effect of the adjacent 
foundation is the introduction of certain modes of response that would not have been 
apparent in the single foundation case. In addition, some of the degrees-of-freedom 
will be coupled. 
Although the study of soil-structure interaction has developed at a notable pace, the 
same cannot be said of the through-soil coupling problem. The development. of 
comprehensive mathematical models, and the analytical or numerical solution thereof, 
are daunting tasks in light of the many parameters involved. 
4.2 Solution Methods 
Various analytical and finite element techniques have been utilized in the development 
of the dynamic stiffness matrix for multi-foundation systems. Warburton et al. [W2] 
implemented an averaging method in what is considered to be the first study of 
through-soil coupling effects. However, since this solution method is applicable only to 
relatively large separation distances and for limited frequency ratios, Lee et al. [L3] 
effected modifications to allow for small separation distances. 
The boundary element method is widely used in modern numerical solution methods 
[e.g. L20, W13]. In this method, an equation is formulated which describes the three-
dimensional wave propagation due to a surface excitation. The ensuing surface 
displacements are expressed as Green's functions, which are a set of boundary 
integral equations, the solutions of which are attained through the assumption of 
certain conditions with respect to displacement and/or stress conditions. These 
boundary integral equations are analogous to the assumed form functions of the finite 
element method. 
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Discretization of the foundation-soil interface (half-space Green's function) or of the 
entire surface of interest (full-space Green's function) is then effected. Other forms of 
Green's function that necessitate the discretization of interior points of the domain 
[L20] have been developed. Prescribed displacement field and/or stress distribution 
are the conditions which are enforced to arrive at a solution of the boundary integral 
equations. These equations are then solved numerically after their reduction to a set 
of linear algebraic equations. The next step is the enforcement of (displacement) 
compatibility at the foundation-soil interface, leading to the compliance matrix of the 
foundation-soil system. 
The accuracy of the solution depends on the type of elements incorporated in the 
discretization process and the assumed boundary conditions. As regards the latter 
factor, the prescribed stress distribution (or variation of displacement field) under the 
footings is of particular importance. It has been found that the coefficients of the 
dynamic impedance matrix are highly dependent on the discretization scheme for small 
separation distances [W13]. One of the main drawbacks of this method is its inability 
to model nonlinear behaviour [N7]. 
The boundary element method is advantageous in the following respects: 
• Only a surface discretization is necessary in the boundary element method, 
compared to the necessity of discretization of the full domain of interest in the finite 
element method. In this manner, only the soil surface (at the foundation-soil 
interface and also the area between the foundations) needs to be discretized. 
• The boundary element method is capable of modelling an infinite domain whereas 
the finite element method is limited to the representation of limited domains. 
• The radiation condition at infinity is satisfied automatically in the boundary element 
method without recourse to the implementation of complicated non-reflecting 
boundaries as is necessary in the finite element method. 
Researchers have also implemented other solution methods such as the hybrid 
method [L9), the substructure deletion method [84) and the combined method [01, 
02). Modern solution methods utilize a combined boundary element-finite element 
approach [e.g. 12, K7, M17, and 81). 
In addition to theoretical studies, experimental validation of the analytical and 
numerical results has also been conducted by a number of researchers [KB, 87). 
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4.3 Simplifying Assumptions Implemented in Through-Soil 
Foundation Interaction Studies 
In light of the many analytical, semi-analytical and numerical methods incorporated in 
the development of the through-soil interaction model, various simplifying assumptions 
are required in order to achieve the solution of the pertinent system equations. These 
assumptions pertain to the structuring of the underlying soil (layered or half-space), 
foundation characteristics (shape, mass, rigidity, etc.), excitation characteristics 
(harmonic force or wave, form of wave, angle of incidence, etc.) and the presence of a 
supported structure. 
Two forms of harmonic excitation are assumed in the various studies: a force applied 
externally on the structure or foundation and a plane (either vertically or obliquely 
incident) seismic wave. As such, the effects of through-soil interaction on the dynamic 
response of the foundation, or supported structure, are assessed through the 
comparison of either the impedance function (for the former loading situation) or the 
foundation input motion matrix (for the seismic wave excitation). 
Most studies consider material (hysteretic) damping in the form of a damping factor 
[e.g. L3, L9, L 15, L 16, and R5] in addition to radiation damping. However, it has been 
observed that the only effect of increased damping is on the amplitudes of the 
response [L3, W2]. 
4.4 Findings of Through-Soil Foundation Interaction Studies 
4.4. 1 Analytical Study by Warburton et al. [W2] 
The two-dimensional analytical study by Warburton et al. [W2] considered surface 
cylindrical foundations (with various height to diameter ratios), bonded to the surface of 
an elastic half-space. The influence of an adjacent (passive) foundation of similar 
geometry on the dynamic response of the excited foundation was investigated in 
addition to the response of the passive foundation itself. 
The effect of the adjacent foundation was primarily the introduction of modes of 
vibration not observed in the single foundation case. Therefore, for the harmonic 
vertical excitations implemented in this study, small amplitude horizontal and rocking 
modes of vibration were identified (with the former smaller than the latter component of 
motion). The maximum response of both foundations was related to the resonant 
frequencies of a single mass system. Under harmonic vertical excitation, the vertical 
vibration was dominant and only slightly affected by the presence of the second mass. 
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As in the response of the excited mass, the maximum response of the passive 
foundation was related to the resonant frequencies of a single mass system. The 
vertical oscillation was independent of the cylinder height, with maxima occurring at the 
resonant frequency of the vertical translational mode associated with the mass of the 
passive foundation. For the case of zero cylinder height, the same observation with 
respect to the occurrence of maxima applied to the horizontal translational (in the 
direction of the axis connecting the foundation centers) and the rocking modes. For 
foundation heights greater than zero, coupling of the horizontal and rocking modes of 
vibration occurred, with the maxima of each of these modes coincident with the 
resonant frequencies of the coupled vibration mode for a single mass system. 
Increasing the separation distance decreased the amplitudes of response of the 
passive foundation. However, under resonant conditions a noticeable rocking 
response at the periphery of the second mass was observed even at large separation 
distances, with an amplitude which exceeded the translational vibration of the excited 
mass. 
4.4.2 Effect of Through-Soil Interaction on Flexible Structures, 
Lee and Wesley [L3] 
The three-dimensional analytical study by Lee and Wesley [L3] investigated the three-
dimensional through-soil coupled response of a group of flexible structures, 
representative of a nuclear installation. Two structural configurations were considered: 
the first was a three-structure system comprising two identical single degree-of-
freedom (SDOF) oscillators and a third dissimilar SDOF model. The second case 
represented a two-structure system in which the superstructures were represented by 
two identical three-mode models. The containment structure was idealized as a single-
mass oscillator and the prestressed concrete reactor vessel as a two-mass system. 
The foundations of these superstructures were modelled as circular, rigid disks bonded 
to the surface of an elastic half-space. 
For the case of two adjacent SDOF structures, the following parameters were identified 
as influencing the effects of coupling on the dynamic response: 
• Shear wave velocity of the soil (V5). 
• Inertia of the structures. 
• Natural frequency of structures. 
• Separation distance between structures. 
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As in the study by Warburton et al. [W2], the lateral response attained a maximum at 
resonance. The adverse effects of through-soil interaction increased for relatively 
stiffer structures. With the decrease of soil stiffness, the adverse effects of coupling 
were initiated at lower natural frequencies. For stiff soils, through-soil coupling had a 
beneficial effect throughout the range of oscillator natural frequencies investigated. 
These beneficial effects diminished with increasing stiffness of the supporting soil. 
The foregoing conclusions were observed at a constant separation distance. Variation 
of this distance leads to a different trend. Increase of structural mass increased the 
beneficial effects of coupling throughout the natural frequencies and separation gaps 
investigated. 
The analyses were then conducted in the presence of the third oscillator, which was 
assumed to be of lighter mass compared to the other two. All structures were 
assumed to possess the same natural frequency and the excitation was applied in two 
directions. The configuration of the three structures was such that the imaginary lines 
connecting the centers of their bases formed an isosceles triangle. The earthquake 
excitation was applied in two directions: lateral (Case A) and orthogonal (Case B) to 
the identical structures. 
Small amplitude displacements perpendicular (lateral and vertical) to the direction of 
excitation were detected in the two identical structures. Rotations of the base slabs 
about the three principle axes were also noted. Comparison of the response in the 
direction of the applied excitation revealed significant reductions in the response of the 
identical structures. The third structure also experienced reductions of response, with 
the larger amplitudes in the case of the excitation orthogonal to the identical structures. 
These reductions were due to the modes of vibration of the two structures and the 
ensuing effects on the third structure; subtractive in Case A and additive in Case B . 
. . 
The peak response values of the identical structures were noted to be dependent on 
the resonant frequency of the third structure. In addition, it was noted that the 
presence of the third mass was analogous to the effect of a tuned-mass damper with 
respect to its influence on the magnitude and number of peaks in the response of the 
two identical structures. 
For the case of the multi-mode systems, the structural masses were varied while 
maintaining constant natural frequencies. A reduction in the response for various 
separation ratios was witnessed. The same effect of structural mass as in the previous 
case was observed (i.e. increasing the structural mass increased the beneficial effects 
of coupling). 
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4.4.3 Finite-Element Approach of Roesset et al. [R5] 
A finite-element formulation, incorporating a consistent boundary, was used to 
determine the interaction between two surface masses or two simple structures 
represented by SDOF systems. Two loading cases were considered; that of a 
harmonic force applied at one of the masses and a base motion. A three-dimensional 
solution was applied with sub-structure method. The underlying soil mass was a 
horizontally stratified layer on bedrock, with a depth equal to four times the length of 
the foundation side and a material (hysteretic) damping ratio of 5%. 
The following response characteristics were observed: 
• Under the effect of a horizontal harmonic excitation applied to one of the 
foundations, the presence of the second mass causes an amplification of the 
response at certain frequencies and a deamplification at others. Compared to 
the single foundation case, a shift in the natural frequencies at which these 
peaks occur was also observed. The through-soil interaction increases with 
increase in both masses (and of the passive foundation, especially). The 
horizontal translations induced in the passive mass increase with increasing 
mass. No vertical translations were detected below the cutoff (fundamental) 
frequency of the soil layer, but they become significant at frequencies close to 
the resonant frequencies of vertical excitation of each mass. Rocking was 
observed when both masses were equal to a mass ratio of 2 and was small in 
other cases. 
• The dependence of the through-soil response on the frequency of excitation was 
apparent in the case of an excitation in the form of horizontal accelerations 
simulating ground motion. As in the previous case, in which a horizontal force 
was applied, the main effect of the adjacent mass is a shift in the frequency of 
the peak response. Peaks were apparent at the resonant frequencies of rotation 
and are dependent on the mass ratio of the two foundations. 
The effect of through-soil coupling on the response of adjacent structures, idealized as 
single-degree-of-freedom structures, was also investigated. Various combinations of 
nondimensionalized stiffness and mass ratios were incorporated with the same 
excitations as applied in the case of foundation masses only. The difference in the 
case of the horizontal force was that it was applied at the top of one of the structures. 
Interaction effects were most prominent when both structures were of the same 
(compliant foundation) natural frequency and when the masses were large. The main 
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contribution of the increase in top storey horizontal displacement was from the base 
rotation. 
In the case of seismic ground motion, interaction effects are highest when the two 
structures are of similar mass and stiffness. These effects are manifested in the form 
of double peaks in the response accompanied by a decrease in amplitude. As 
mentioned in the previous section, this is analogous to the effect of a tuned-mass 
damper. 
The main findings of the study were: 
• The appearance of modes of vibration which would not appear in the case of a 
single foundation. When the excitation is in the form of an external force applied 
to one of the structures or foundations, the ensuing response in the active 
foundation is due to a feedback from the adjacent passive structure. These 
"feedback responses" decay very rapidly with distance. The through-soil coupled 
response is much higher when the excitation is in the form of a ground motion 
(resulting in the excitation of both masses), with a slower rate of decay with 
respect to distance. 
• A change is effected in the natural frequencies of the combined soil-structure 
system. 
• The effect of the adjacent mass on the response of the active foundation, when 
the latter is excited by a horizontal force, is more pronounced on the rotational 
degrees-of-freedom than on the translational ones. The response of the passive 
foundation mass is comparable to that of the active foundation. 
• When the foundation masses are excited by a base motion, the amplitudes of the 
translational vibration modes increase, with a reduction in the amplitudes of the 
rotational response. These effects are more pronounced with increasing masses 
and when their natural frequencies on an elastic foundation are similar. 
• The same conditions as above, vis-a-vis natural frequencies and masses, 
exaggerate the increase in translational amplitudes in the case of adjacent 
structures when one mass is excited by a horizontal force applied at the top (i.e. 
at the level of the mass). This increase is caused by the base rotations. 
• Through-soil interaction reduces the peak response of two adjacent structures 
excited by a base motion. This decrease is also attributed to the base rotations 
and is of the same order as the increase witnessed in the previous case (i.e. that 
of the horizontal force). 
4.4.4 Coupled Response of a Series of Shear Walls, 
Murakami et al. [M17] 
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The through-soil interaction of a series of infinitely long (two-dimensional) equally 
spaced shear walls on an elastic homogeneous and isotropic half-space was 
investigated. The foundations were assumed to be rigid and semi-cylindrical. The 
applied ground motions were in the form of harmonic SH-waves (i.e. particle motion 
parallel to the long direction of the walls) with non-vertical incidence. 
The analytic solution revealed the sensitivity of the input motion and the soil 
impedance function (force-displacement interaction matrix) to the presence of an 
adjacent foundation. The largest deviations from the case of a single foundation 
occurred at frequencies corresponding to the "Rayleigh frequencies": 
*a a 
~ = 2rm-(1 ±case t 1 ; n = O, 1, 2,3, ... 
Vs b 
(4.1) 
at which constructive interference was effected between the incident waves and the 
scattered fields from the foundations. The values represented in this equation are as 
follows: 
E> = angle of incidence of the SH wave. 
0/ = frequency corresponding to the Rayleigh wavelength. 
Vs = shear wave velocity in soil. 
a = radius of semicircular foundation. 
b = distance between centres of the foundations. (It is to be noted that the wave 
number in soil is the value k = ro/ Vs). 
The base response at low excitation frequencies may be amplified due to through-soil 
interaction effects. For small separation distances, it was noted that for long 
wavelengths (i.e. low frequency excitations) coupling with more distant structures must 
be considered. For high frequency excitations, only the adjacent structures affect the 
base response of the building under consideration. It was also postulated that the 
coupling effects may account for the complex nature of the Fourier spectra of recorded 
earthquake strong motion. 
It must be borne in mind that the results presented in this study do not account for 
coupled effects apparent in a three-dimensional analysis. 
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4.4.5 Hybrid Method of Near- and Free-Field Discretization, 
Lin et al. [L9] 
In this study, the interaction effects between two square foundations embedded in a 
soil stratum whose depth is equal to the foundation width were investigated. A material 
damping factor (s = 0.05) was incorporated in the soil, to account for hysteretic 
damping. Only harmonic excitations were applied to the system. Both foundations 
were embedded to the same level with sides that were parallel to each other. Two 
cases were considered; embedded and surface foundations. For each of these two 
embedment conditions, different separations and configurations were investigated. 
One configuration is when the two foundations are aligned along the x-axis (passing 
through the centre of the foundations, i.e. the x-axis is an axis of symmetry) while the 
other is an alignment along the diagonals. In addition, various mass ratios of the two 
structures were analyzed. 
It was found that the motions induced in the adjacent foundation are comparable to 
those of the active foundation, albeit of lower amplitude. Through-soil interaction was 
also found to effect coupling between various degrees-of-freedom. Coupling effects 
were aiso apparent in the case of adjacent foundations aiigned aiong one of their 
diagonals. These effects, however, were less noticeable than when the foundations 
were aligned along the axes passing through their centres. For embedded 
foundations, the rocking induced by a horizontal excitation was affected significantly by 
the adjacent (embedded) foundation. When foundation inertia was considered, a 
reduction in the characteristic frequencies of the adjacent foundation was witnessed. 
This reduction was enhanced with foundation embedment. 
4.4.6 Rigid Structures with Arbitrary-Shaped Foundations, 
Kawakami et al. [K7] 
In this study, the response of arbitrarily shaped foundations supporting rigid structures 
to three type$ of vertically incident waves (SV-, SH-, and P-waves, i.e. in-plane, 
antiplane and vertical) was investigated. The supporting soil medium was assumed to 
be an elastic half-space. The effects of the excitation frequency and the magnitude of 
the separation distance were evaluated. The heights of the structures above the 
foundations were considered to be zero in order to cancel the effect of (single 
foundation) coupling between the horizontal and rocking response. The radii of the 
two foundations were assumed to be equal. Thus the influence of the individual 
foundation mass on the coupled response was also investigated in addition to the 
separation effects. A boundary element solution was effected in this study. 
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Varying the mass of the second foundation had a more perceptible influence on 
coupled response than the variation of the mass under consideration. The effect of 
coupling, i.e. increase or decrease, was contingent upon the separation distance and 
the frequency of excitation. The peak response shifted to a lower frequency with an 
increase in separation distance. 
4.4. 7 Multi-Structure System Embedded in Layered Soil, 
Imamura et al. [12] 
The seismic response of a nuclear reactor building embedded in two layered elastic 
half-space was studied. Rigid foundations, perfectly bonded to the underlying soil, 
were assumed and the effects of through-soil interactions were investigated. 
The building under investigation was a reactor building that formed part of a three 
building nuclear reactor complex. The turbine and control buildings were, respectively, 
heavier and lighter than the reactor building. All superstructures were modelled as 
lumped-mass systems. The reactor building was embedded to a depth of 26 metres in 
the 18 metre deep surface layer. The embedment of the other two buildings was equal 
to this surface layer depth. The total depth of the supporting soil medium was 
167 metres, with a shear wave velocity of 250m/s and 500m/s for the surface and 
underlying half-space layers, respectively. An artificially generated ground motion was 
incorporated as the excitation, with a maximum acceleration of 0.3g at a depth of 167 
metres from the surface. 
It was found that as the number of adjacent buildings increases, the response of the 
reactor building above ground level is amplified. On the other hand, the shear forces 
in the embedded portion decrease. It was also noted that the presence of a building of 
large inertia, compared to the building under investigation, affects the response of the 
latter building regardless of the direction (plane) of excitation. In other words, the 
presence of a heavy building (lying in the E-W direction of the building under 
investigation), transverse to the plane of the N-S excitation, will affect the response of 
the building under investigation through coupling effects. However, when the 
excitation is in the direction of alignment of the heavy structure (E-W excitation), the 
presence of the lighter control building in the transverse direction is minimal. 
The effect of the soil between the structures on coupled response was also 
investigated. Three cases were considered: fully-filled case, in which soil was present 
between all the buildings, a partially-filled case, where only the region between the 
reactor building and control building (i.e. in the direction of excitation) was filled with 
soil, and the separated model. The embedded portion of the structures was 
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considered to be flexible and friction was neglected at all surfaces. The response of 
each of the structures (transfer functions with respect to the input motion) at ground 
level was compared. 
It was observed that the maximum accelerations of the upper structures were affected 
by the presence of this soil while the foundations (i.e. embedded portions) were not. 
The maximum shear forces developed under the ground level were lowest in the fully-
filled case. The shear forces developed in the embedded portions of all the structures 
were functions of the areas of contact of the structures with the surrounding soil. 
4.4.B Dynamic Stiffness Matrix of Circular Surface Foundations, 
Liou [L15] 
Firs!ly, the foundation stiffness matrix for two independent circular foundations on the 
surface of an elastic half-space by the substructure technique was derived in this 
study. A numerical example was solved in which excitations were applied to the three-
dimensional foundation system from all directions. A hysteretic damping ratio of 
t; = 0.05 was incorporated in the complex shear modulus ( G~ = Gs (1+2t)) ). The 
effects of various clear separation distances on the dynamic stiffness matrices were 
determined. 
The following general conclusions were drawn from this investigation. 
• Low frequency excitations emphasize the through-soil interaction of adjacent 
foundations more than high frequency excitations. 
• The influence on the imaginary parts of the dynamic stiffness functions due to 
the existence of another foundation is less significant than the influence on the 
real part. 
• The effects of an adjacent foundation must be taken into account if the two 
foundations are in sufficient proximity (d I r0 s 4 where dis the clear separation 
distance between the foundations and r0 is the radius of the footing). 
4.4.9 Comparison of Analytically Determined Through-Soi/ Coupling 
Effects with the Provisions of ATC-3, Qian et al. [Qt] 
A boundary element solution of a three-dimensional system of massless rigid 
foundations was implemented in this study. These foundations were assumed to be 
perfectly bonded to the surface of an elastic half-space. Harmonic time-varying 
external forces were applied and the interaction between two and four foundations as a 
function of distance and excitation frequency was assessed. A set of four rigid, 
massless foundations, bonded to the surface of an elastic half-space, and with one 
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foundation subjected to a harmonic excitation, was studied. Through implementation 
of the boundary element solution developed in this study (allowing the use of higher-
order elements), it was found that increasing the number of foundations increased the 
through-soil coupling effects for small foundation separation and low frequencies of 
excitation for vertical and x-direction translations. For pitching about the y-axis and 
torsion, through-soil coupling is apparent only for small separation distances and high 
vibration frequencies. The differences between the two and four foundation cases 
were small for the latter modes of vibration. 
The ATC-3 [A4] gives approximate values for the horizontal translation and rocking soil 
dynamic stiffnesses, allowing for the reduction L1 V of the base shear V based on these 
soil-structure interaction effects. It states that consideration of through-soil coupling will 
reduce the dynamic stiffness of the soil, thereby increasing the factor L1 V. Neglect of 
through-soil interaction will, therefore, lead to conservative results. 
The present study investigated this aspect and found that this assertion, i.e. that 
consideration of cross-interaction always reduces the dynamic stiffnesses of the soil 
when the foundations are closely spaced; is not always valid. In fact, the horizontal 
translational stiffness increases for a broad band of frequencies, while the rocking 
stiffness seems to be insensitive to through-soil coupling effects. In addition, 
increasing the number of footings does not always result in a greater cross-interaction 
effect. 
4.4. 1 O Through~Soil Interaction of Flexible Footings by Combined 
Boundary Element and Finite Element Methods, 
Qian et al. [Q2] 
A numerical method, based on the finite element and boundary element methods, was 
developed to determine the cross-interaction effects between adjacent flexible footings 
of arbitrary shape on the surface of an elastic half-space. The dynamic response of 
adjacent foundations, with various relative rigidities and separation distances, to 
harmonic and transient point load and distributed forces was examined. 
The study suggests that, in practice, footings are to be treated as rigid when: 
1 Et ( h )
3 
E=--- - > 1.0 
12 Es a 
(4.2) 
where E, and Es are Young's modulus of the footing and soil, respectively. The 
thickness of the foundation is h and its width is 2a. 
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For the case of a single flexible foundation, it was found that the response depends on 
the distribution of the applied force if the footing is fairly flexible, which is also the case 
for the response of the active foundation in a two-foundation system. The response of 
the passive foundation appeared to be insensitive to the load distribution in the low-
frequency range. However, the influence of the load distribution increased at higher 
frequencies of excitation. The passive footing did not influence the response of the 
active foundation. However, the passive foundation was affected by the presence of 
the active foundation and its response was a function of the separation distance and 
distribution of the applied load. In particular, for the flexible system under a point load, 
displacements induced in the passive footing may be significant over a wide range of 
frequencies while they decay rapidly for a stiff footing. 
For a uniformly distributed load, the coupling effects between the footings decay 
rapidly at high frequency irrespective of the stiffness of the footings. In the case of the 
two foundation system under the action of a load suddenly applied to one of the 
footings, the response of the active footing may be significant during the loading 
period. The response of the passive footing, though quite small in magnitude, may 
continue for a longer time· interval than that of the active footing. 
4.4. 11 Adjacent Foundations Subjected to Obliquely Incident 
Harmonic Waves, Qian et al: [Q3] 
An analytical model was developed in this study to represent the through-soil coupling 
between two adjacent rigid, massless, or massive, 3-dimensional foundations of 
arbitrary shape. These foundations were assumed to be bonded to the surface of an 
elastic half-space. 
The excitation implemented in this study was in the form of R- (Rayleigh, i.e. in which 
the -vertical angle of incidence 8v = 0), SV-, SH- (in-plane and antiplane shear, 
respectively) and P- (dilatational) harmonic waves defined by horizontal and vertical 
angles of incidence. The effects of through-soil coupling on the response of both 
foundations for a number of separation distances, types of seismic wave and angles of 
incidence were investigated. 
In the case of the massless foundations, cross-interaction effects were manifested in 
the appearance of displacement components and fluctuations in the response not 
apparent in the single foundation case. A phase difference, due to wave transmission 
between the adjacent foundations, was also witnessed. The rotational components of 
motion were more affected by through-soil interaction effects than the translational 
degrees-of-freedom. 
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When the masses of the foundations were considered, it was noted that the resonant 
frequencies of the foundations were not affected by the presence of the adjacent 
foundation with small mass. The noticeable oscillations in the "upstream" foundation, 
due to coupling effects, decreased with increasing separation gap and increased with 
the increase of either mass. The "upstream" foundation response consisted of several 
peaks, due to the presence of the adjacent foundation, when both foundations were 
closely spaced and of sizable masses. Thus, the responses became more 
pronounced within a broader frequency range. 
A marked phase difference was apparent in the response of the two foundations, 
indicating the likelihood of large rotational motions being developed in the case of 
structures subjected to seismic excitations. 
4.4. 12 Determination of Through-Soil Interaction by the 
Substructure Deletion Method, Betti [84] 
A boundary element formulation was developed to determine the interaction of 
adjacent three-dimensional, arbitrary shaped, embedded foundations. The supporting 
medium 'Nas modelled as an homogeneous viscoelastic half-space and the 
foundations were subjected to incoming SH-, P- and SV-waves with arbitrary angles of 
incidence in the horizontal and vertical directions. This study developed upon 
Reference [03] in that the effects of foundation embedment were investigated. 
Comparisons were made between the extent of interaction between the two 
foundations for various types of motion. The interaction between the translational, 
rocking and torsional components of motion were quite conspicuous in the low-
frequency range of excitations and tended to disappear with increasing frequency of 
incoming waves and distance between the foundations. The translational and rocking 
components of motion of the two foundations were either in-phase or 180° out-of-
phase with respect to each other. The phase of the response of the foundations with 
respect to the free-field was a function of excitation frequency. These trends became 
more complicated for seismic waves impinging with various angles of incidence. 
4.4. 13 Experimental Studies 
In addition to the analytical and semi-analytical studies mentioned above, experimental 
research has also been conducted to evaluate practically the effects of through-soil 
coupling and to validate the findings of theoretical studies. 
The experimental results of Kobori et al. [KS] compared well with the response values 
obtained by the analytical solution of the equations of motion, despite the difficulty of 
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modelling the soil nonlinearity and layering effects. The properties of the surface layer 
were found to influence the through-soil coupling phenomenon to a large extent. A 
strong correlation was established between coupling effects and the direction of 
excitation. 
The shake-table test of Shohara et al. [87] modelled a typical nuclear reactor used in 
Japan. The excitations were in the form of sinusoidal shake table motions and impulse 
hammering in two orthogonal directions with respect to the foundation configuration. 
Larger through-soil coupling effects were observed in the case of the shake-table 
excitation mainly due to the influence of the adjacent foundation on the foundation 
input motion. While the effects of adjacent foundations on the displacement and 
acceleration response were limited, this was not the case for the stresses at the 
foundation-soil interface. The reduction of stresses at the edge closest to the adjacent 
foundation was noted, especially when the excitation was applied in the direction of 
foundation alignment. This was prompted by the small separation gap between the 
foundations, which induced the two foundations to act as a single unit. 
For the determination of the impedance matrix, the hammering test was carried out 
with the load applied at two locations, at foundation level and at a certain distance 
above the foundation. An increase was noted in the sway (horizontal) and rocking 
elements of the impedance matrix for foundation 1 due to through-soil coupling, 
especially in the case of excitation in the direction of alignment. The only effect of the 
adjacent foundation on the effective input motion is a phase shift to a lower frequency. 
Analytical tests were conducted by the finite element and boundary element methods 
and the results were compared with those obtained from the tests. Three-dimensional 
effects were accounted for in the two-dimensional analysis through the incorporation of 
dashpots. The impedance functions derived from the finite element analysis compared 
poorly with the test results. However, the transfer functions of the foundation 
acceleration versus the acceleration at the surface of the experimental setup 
compared well. The results from the 3-dimensional BEM compared well with the test 
results for all cases. 
4.5 Mechanical Representation of Through-Soil Interaction 
In the continuum method of soil-structure analysis, the soil medium is represented as 
an elastic half-space and the solution of the wave propagation equations is effected by 
various analytical, semi-analytical or numerical methods. This technique is, however, 
not amenable to straightforward implementation in standard design office software. 
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Various mechanical models have been proposed, ranging in complexity from the 
simple Winkler model to more sophisticated models based on boundary element 
solutions which are capable of simulating structure-soil-structure interaction. The 
through-soil interaction model developed by Mulliken [M16] is cited as an example of 
the latter models. In this study, the coupling functions were determined through the 
time-domain responses of the loaded and unloaded foundations to impulsive loads. 
Arbitrary coupling terms were assumed and the time-history response was compared 
with existing rigorous solutions. The time-domain boundary element solution of Huang 
[H8] was utilized as a paradigm. The coupling functions were modified iteratively until 
convergence with the rigorous boundary element solution was effected. The time-lag 
effects between the two foundations were also considered in the formulation. 
In the present study, a through-soil interaction model is developed based on a beam 
element resting on a two-parameter foundation. This model is to be implemented in 
RUAUMOKO [C1] to simulate the normal and shear deformation characteristics of the 
soil between the foundations of the adjacent buildings. (The discrete-element soil-
structure interaction model presented in Chapter 3 is representative of the force-
deformation response of the supporting soil mass underlying the foundation footings 
whose inertial properties are included in the discrete-element model). Details of this 
beam element and the derivation of the pertinent two-parameter coefficients are 
presented in the following sections. 
4.5. 1 Development of a Basic Through-Soil Interaction Model 
The simplest mechanical model implemented in the representation of soil behaviour is 
the Winkler spring. In this model, a spring with an experimentally derived coefficient 
(kw) simulates the force-displacement properties of the soil mass. The soil pressure 
developed beneath the applied force is a function of the spring displacement (p = 
kw.W). 
The main shortcoming of the Winkler spring is inherent in its inability to simulate the 
continuous nature of the soil medium as its representation is restricted to the soil 
beneath the loaded region. In addition, the definition of the Winkler constant is 
problematic and is based, generally, on semi-empirical formulations (although a 
number of analytical definitions have been proposed, e.g. [V4]). The former deficiency 
(representation of continuity) has been obviated through the incorporation of 
interaction elements between the Winkler springs. These elements are in the form of 
elastic layers capable of pure shear deformations, elastic beams or elastic 
membranes. A second approach in the refinement of the basic Winkler model has 
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been the introduction of simplifying assumptions to the distribution of stresses and 
displacements in the analytical (elastic continuum) model. These modifications to the 
Winkler spring have led to the development of what is known as the two-parameter 
elastic model. This appellation is indicative of the two elastic constants necessary to 
define the model, compared to the single parameter (kw) required in the basic Winkler 
model. 
Either of the two approaches presented above (i.e. introduction of interaction elements 
to the Winkler spring or the incorporation of simplifying assumptions to the continuum 
equations) results in the following general form of the force-displacement relationship: 
q(x)= kw(x)- k 1 d::~x) (4.3) 
The first term on the right-hand side of the above equation represents the simple 
Winkler model (with coefficient k) while the second term models the shear interaction 
between the adjacent Winkler springs. The applied loading is defined by q(x) with the 
deflections (and the derivatives thereof) designated by w. 
Although the derivations presented below are of a modified Winkler spring (which 
allows for the simulation of shear interaction, as expounded previously), the soil-
structure interaction in this study is represented by the basic lumped-parameter model 
of Wolf et al. [W7,W8]. The through-soil interaction phenomenon is simulated by an 
element with properties derived from the shear interaction term (k1) of the two-
parameter element to be presented in the following sections. 
4.5.2 Elastic Beam on Two-Parameter Soil : Formulation of 
System Equation 
The problem may be represented by a beam element with four degrees-of-freedom (at 
either end a vertical translation wand rotation e about the out-of-plane axis, see Fig. 
4.1) resting on a two-parameter soil (Eq. 4.3). In matrix formulation, the displacements 
and loads are respectively expressed as {d}={w;,0;,wi,ei} and 
{r}={O;,M;,Qi,MJ(see Fig. 4.1). 
L L 
~x ~x 
Fig. 4.1: Nodal degrees-of-freedom and corresponding nodal forces on beam element 
(adapted from Zhaohua et al. [Z3]). 
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It is to be noted that in the force matrix {r}, the shear force Q(x) is the combined action 
of the beam shear and the foundation soil (represented by the second parameter k 1 of 
Eq. 4.3) as follows: 
Q(x)=V(x)+vdx) 









represents the shear contribution from the two-parameter foundation. 
The governing system equation may be developed from the equilibrium of a differential 
beam element (neglecting transverse shear) and from elementary beam theory as 
follows (see Fig. 4.2}: 
dV(x) -- = q(x) - p(x) 
dx 
dM(x) = V(x) 
dx 





From Eqs. 4.3 and 4.7 to 4.9, the governing 
differential equation of the bending of a beam on 
an elastic two-parameter foundation may be 
expressed as: 
q(x) 
Fig. 4.2: Infinitesimal beam element on elastic 
foundation (adapted from Zhaohua et al. (Z3]). 
(4.10) 
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4.5.3 Definition of Two-Parameter Model Coefficients 
Recourse is made to the method utilized by Vlazov and Leontiev [V5] in defining 
suitable expressions for the two coefficients k and k1 appearing in Eq. 4.1 O above. 
The derivation of these expressions is detailed below. 
As mentioned in a preceding section, the improvements on the Winkler spring model, 
vis-a-vis its ability to simulate a continuous medium, followed two distinct approaches: 
the first was the incorporation of a physical shear interaction mechanism (shear beam 
or plate, membrane in tension, incompressible shear layer, etc.). The second method 
entailed the imposition of constraints with respect to the state of stress and/or 
displacement distribution in the equations defining the elastic continuum. 
The model proposed by Vlazov and Leontiev [V5] was derived based on the application 
of Galerkin's variational principle to the analytical model of a linear elastic isotropic 
continuum. The state of strain was assumed to be of the form: 
u(x,z)= O and w(x,z)= w(x).h(z) (4. 11 a,b) 
where u(x,z) and w(x,z) are the x- and z-direction displacements, respectively. The 
distribution of the latter was assumed to vary with depth as h(z). Linear and hyperbolic 
variations were two of the many forms of h(z) assumed by Vlazov and Leontiev, as 
shown respectively in Eqs. 4.12 below: 
z 
Fig. 4.3: Derivation of the Vlazov-Leontiev model (adapted from Selvadurai [86)). 
and h(z)= sinh[y(H- z)/ L] 
sinh[yH/L] 
The values of constants yand L will be presented subsequently. 
(4. 12a,b) 
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Under the assumption of plane strain conditions and applying Lagrange's Principle of 
Virtual Work to obtain the equation of equilibrium in the z-direction, the response 
function of the soil to an arbitrary load q(x) (see Fig. 4.3) is obtained: 
d 2 W q(x)= kw(x)-2t-
d x2 
(4.13) 
which is similar in form to Eq. 4.3. The coefficients in Eq. 4.13 are defined as: 
k = E o 1( dh )2 dz 
(1-vg) o dz 
t= Eo f(h)2dz 
4(1+v 0 )o 
(4.14a,b) 
These expressions have the same physical definition as the coefficients k and kt of Eq. 
4.3. Assuming a linear variation of displacement with depth z (Eq. 4.12a) leads to the 






For the case of a relatively deep soil deposit, the hyperbolic variation of displacement 
(Eq.4.12b) was assumed. This leads to the following definitions of the two-parameter 
coefficients: 
k = EoYB sinh(y.H/ L)cosh(y.H/ L)+ (y.H/ L) 
2L(1-v~) sinh 2 (y.H/L) 
t = Eo LB sinh(y.H/ L)cosh(y.H/ L)-(y.H/ L) 
By(1 + vo) sinh2 (y.H/ L) 
In the above expressions: 
Es 







where Es and Vs are, respectively, the elastic modulus and Poisson's ratio of the soil 
in terms of plane strain. The coefficient y is a measure of the non-linear variation of 
normal strain with depth. The characteristic length L is defined from a parameter 
incorporated in the homogenous solution of Eq. 4.10, with kt and q both equal to zero: 
d 4 W El--+kw=O 
dx4 
the solution of which is assumed to be of the following form: 
(4.19) 
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Our interest is focused on the parameter A. (of dimensions C\ which is equal to: 
(4.21) 
Equation 21 is an indication of the relative soil to beam stiffness. The reciprocal of A, is 
the characteristic length. It describes the extent of lateral spread of vertical 
deformations on the soil surface resulting from the application of a load to a beam 
supported by the soil mass. This spread is due to the disparity in stiffnesses between 
the beam and supporting soil. For example, when the beam is very stiff with respect to 
the supporting soil, the characteristic length ( 11 A,) is large. This implies that a load 
applied to the beam will cause deflections of the beam and the soil to a considerable 
distance from the point of load application. 






where J=Bh3/12(1-vb 2) is the equivalent moment of inertia of the beam (or strip of slab) 
of width B and Poisson's ratio vb. 
In analytical studies conducted on loaded flexible plates, Jones et al. [J6] implemented 
the exponential variation of Eq. 4.12b. They showed that the parameter (y IL) is a 
function of the shape and flexibility of the plate in addition to the form of loading. 
Chambers [C3] proposed a model representative of soil flexibility that was incorporated 
in RUAUMOKO [C1] as the GROUND element. This element allows the 
implementation of a number of analytical models to represent soil-structure interaction 
and through-soil coupling, one of which is the two-parameter model detailed above. 
However, many ambiguities prevail in the definition of the various parameters in the 
numerical model based on the hyperbolic variation of displacements with depth (Eq. 
4.12b), as detailed in the preceding paragraphs. Therefore, an alternative definition of 
the two parameters of Eq. 4.13 is proposed in the following section. This model was 
subsequently incorporated as an option of the GROUND element in RUAUMOKO. 
4.5.4 Alternative Definitions of TwosParameter Model Coefficients 
The definitions of the two-parameter coefficients k and k1 , presented in Eqs. 4.16 and 
4.17, necessitate the assumption of pertinent values of y and L. The ambivalence 
pertaining to the designation of appropriate values (let alone the definitions) of the 
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latter quantities may be obviated by applying alternative definitions for k and k1 to 
those presented above [86]. 
The coefficient of subgrade modulus k, expressed in terms of plane strain conditions, 
was defined rationally by Vlazov and Leontiev [VS] as: 
(4.23) 
where h(z) is the assumed function describing the variation of vertical displacement 
with depth in the soil layer (see Eqs. 4.11, 4.12 and 4.14) and B is the beam width. 
The Young's modulus and Poisson's ratio of the soil in plane strain are designated by 
Es and Vs. These values are supplanted by E0 and Vo, respectively, for plane stress 
conditions (see Eqs. 4.18). The function h(z) is assumed in this case to vary 
exponentially, which is an acceptable approximation for an infinitely deep layer: 
h(z)= e-µz (4.24) 
In Eq. 4.24, z is the depth and µis a constant (of dimension L"1) defining the rate of 
decay (with depth z) of the vertical displacement. It is also sometimes employed as a 
correlation constant to establish a best-fit with exact (continuum) solutions. 
Substitution of Eq. 4.24 into Eq. 4.23 leads to the following definition of the coefficient 
of subgrade modulus: 
k = Es (1- vs) µB 
(1+vs)(1-2vs) 2 
(4.25) 
The analytical solution for the maximum bending moments beneath an infinite beam 
loaded by a concentrated load and supported by a linearly elastic half-space was 
derived by Biot [85]. The extension of this solution and the expression of the results 
in terms of displacements (in addition to other parameters) was achieved by Vesic 
[V4]. Based on these results, an expression correlating the Winkler coefficient with the 
results of the half-space solution was derived. Comparison of Eq. 4.25 with that 
proposed by Vesic leads to the following approximation of the product µB appearing in 
the former equation: 
1<µB<2 (4.26) 
In a soil with Vs= 0.3 and for infinitely long beams, k= 0.65 and Eq. 4.25 becomes: 
(4.27) 
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resulting in a value of µB = 1.06. It has also been shown by Vlazov and Leontiev [VS] 
that the incorporation of a value of µ = 1.0 for the case of a point load on an elastic 
half-space results in surface displacements slightly smaller than those obtained from 
the solution of the Boussinesq problem. 
With regard to the second parameter (denoted as kt in Eq. 4.10 and 2t in Eq. 4.13), 
Vlazov and Leontiev [VS] proposed the following definition: 
EB ~ 
kt= 
0 J h 2 (z'y:iz 
2(1+v 0 )o 
(4.28) 
Assuming the same distribution of vertical displacements as given by Eq. 4.24 results 
in the following definition of kt: 
k 




or, for plane strain conditions: 
Es B 
kt= , ' 
4(1+vs)µ 
(4.30) 
Fletcher and Herrmann [F4] developed graphical representations of the coefficients k 
and kt which provide the best-fit to the exact (continuum) solutions. The case that they 
considered was of an infinitely long beam subjected to a point load. The average 
modulus of the supporting soil was considered to be less than 2x102 -3x102 MN/m2 
(medium dense to dense sand). This restriction ensues from the assumption that the 
ratio of subgrade modulus to beam modulus (Es IE) was less than 0.01 in the cases 
examined. This is why the ordinates of their graph are independent of the beam 
properties. Their results compare accurately with the continuum solution of an infinite 
beam on a half-space. 
Upon comparison of the results of Fletcher and Herrmann [F4] with those obtained by 
Vlazov and Leontiev [VS], a discrepancy in the derivation of the values of the two-
parameter coefficients is evident [83]. For the case of an infinite beam, and assuming 
the Poisson's ratio of soil Vs = 0.3, Fletcher and Herrmann obtained k I Es = 0.49. 
Substituting this value into Eq. 4.2S resulted in µB = 0.728. When this value of µB was 








did not bear any semblance to the value of 7.6 obtained by Fletcher and Herrmann for 
a best-fit of deflection in the two problems. Therefore, Scott (83] recommends the 
definition of S (also denoted as k1, G or 2t) as an independent curve-fitting parameter 
rather than relating it to k through the depth function h(z) (Eq. 4.24). 
A comparison is conducted in the present study between the results obtained from the 
numerical model presented in the preceding sections (Vlazov-Leontiev definition of the 
two-parameter model) and an analytical expression (83] defining the maximum (static) 
displacement of a point-loaded beam (Appendix G). The maximum displacements 
under the point load obtained by the two methods compared well. In addition, the 
(numerically derived) variation of the deflections along the length of the elastic beam 
appeared to behave in a consistent manner. This validated the performance of the 
numerical model derived herein. 
4.6 Summary 
The choice of suitable physical models representative of through-soil interaction is not 
as extensive as those available for soil-structure interaction. This is due to the 
extensive number of variables involved in the former, hindering the development of 
mathematical formulations and solutions thereof. The analytical [L3, L 15, M19, Q3, 
W2] and numerical (84, 12, K7, L9, l16, 01, 02, RS, 81] studies conducted to date 
have revealed the significant influence of through-soil coupling on structural response. 
The effect of foundation mass, embedment and separation distance in addition to the 
influence of the excitation properties on the extent and characteristics of the coupling 
have been identified in the studies presented above. 
The inconsistencies inherent in the through-soil interaction model developed by 
Chambers [C3] have been remedied in this study through the definition of the Vlazov 
two-parameter model [VS] in terms of an exponential variation of displacement with 
depth (Eq. 4.24). Parameter studies were conducted to investigate the influence of the 
coefficient µ on the response values (Appendix A). It was found that the variation of µ 
within the allowed range (Eq. 4.26) did not perceptibly influence the results. The 
verification of the validity of this model is presented in Appendix G in which the 
displacements of a beam resting on an elastic soil are compared with those obtained 
from an analytical expression (point load). This model was then incorporated in the 
present study to simulate the normal and shear deformation characteristics of the soil 
between the adjacent foundations. The applicability of this model to a dynamic 
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analysis in which soil-structure interaction is accounted for is contingent upon the 
incorporation of inertial effects. In the present study, these were accounted for in the 
discrete-element (cone model) simulating the soil mass directly beneath the foundation 
footings (see Chapter 3). 
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5. PRESENTATION OF RESULTS 
5.1 Introduction 
To the best of the author's knowledge, the only study that considers specifically the 
effects of soil-structure interaction on pounding structures is that by Schmid and Chouw 
[82]. As outlined in Chapter 2, this study investigated an elastic system with impacts 
assumed to occur at the top storey of the shorter building only. The soil-structure 
system was discretised by a finite-element mesh while the superstructures were 
modelled by beam elements with continuously distributed mass. The authors 
concluded that soil-structure interaction was an important factor that must be 
considered in structural pounding studies due to its influence on the dynamic 
characteristics of the system. 
The study by Anagnostopoulos et al. [A2] modelled viscoelastic foundation behaviour 
through a spring-dashpot system. The effects of pounding were investigated in elastic 
and inelastic multi-degree-of-freedom structures in which impact elements were 
incorporated along the heights of the structures. For the case of storey-to-storey 
pounding of two adjacent buildings of equal number of stories, it was shown that 
foundation compliance had a beneficial effect on the response. These benefits were 
manifested as reductions in storey shears (elastic analysis) and displacement ductilities 
(for an inelastic response), expressed as ratios of pounding to no pounding response 
values. Increasing the soil flexibility increased these beneficial effects. 
Kasai et al. [KS], in their survey of structural pounding damage which occurred during 
the 1989 Loma Prieta earthquake, noted the correlation between the incidence of 
pounding and the soil conditions prevalent at these sites. They postulated that the 
increased intensity of shaking due to soft soil conditions and/or the possible occurrence 
of structural settlement and rocking at these sites may have been contributing factors 
to pounding. 
Valles and Reinhorn [V1] suggested a mathematical expression to determine the 
critical separation gap required to preclude pounding. In this equation, an expression 
accounting for foundation rotation due to soil-structure interaction effects was included. 
The aim of the present study is the assessment of the effects of incorporating the 
influence of soil flexibility, i.e. soil-structure interaction and/or through-soil foundation 
coupling, on the dynamic response of impacting buildings colliding at storey levels only. 
82 
Two structural configurations are investigated: the first comprises two adjacent twelve-
storey frames while the second case pertains to the pounding of a twelve-storey frame 
and an adjacent six-storey frame. Comparisons are made between the response 
values obtained from the following assumptions of foundation fixity conditions for each 
configuration: 
• The conventional fixed-base assumption. 
• The compliant foundation case (i.e. soil-structure interaction only is considered). 
• The case allowing for through-soil interaction between the foundations of the 
adjacent structures. 
The no pounding storey displacement response for two conditions of foundation fixity 
(fixed and compliant) are first compared. The force-displacement response of the 
supporting soil mass directly beneath each of the individual foundation footings is 
expressed through the discrete-element model presented in Chapter 3. The pounding 
case is subsequently examined and the effects of various separation gaps on the 
dynamic response of the impacting systems are compared. This allows the 
assessment of the degree of approximation of conventional pounding analyses, which 
ignore the effects of soil-structure interaction. A further refinement is implemented in 
which through-soil interaction effects are incorporated and the results compared with 
the previous cases. The two-parameter model (Chapter 4) represents the soil between 
the exterior foundations of the adjacent buildings, the distance of which is assumed to 
be constant at 5.00 meters. 
5.2 Definitions 
In order to maintain brevity and clarity in this chapter a number of terms are used 
throughout the following sections, the definitions of which are as follows: 
• Configuration 1 designates the case of the two adjacent twelve-storey (Rahman 
and Tabuchi) frames. The second case is defined as Configuration 2 and 
involves the pounding of a twelve-storey (Rahman) frame and a six-storey (Jury) 
frame (see Fig. 5.1). 
• A positive earthquake describes a seismic excitation applied from the direction of 
the Rahman frame for either of the two configurations. It is to be noted that the 
Rahman frame in both cases is located to the left of the adjacent twelve- or six-
storey frame, depending on the configuration. 
Variable 
separation gap 
Interior Frame Exterior Frame 
Rahman Frame 




Contact elements placed 
between the buildings at 




Notes pertaining to Contact Element: 
~ = stiffness of contact element. 
x = relative displacement of nodes i and 
j. 
a = at-rest separation gap. 
Force F=~(x-a)'
1' \ 





1) Schematics of the soil flexibility models are 
outlined in Figure 5.5. 
2) Member details of the individual structures 
are presented Figures 5.2-5.4. 
Fig. 5.1: Conceptual representation of the two configurations assumed in the numerical analyses. 
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• The sign convention in the software RUAUMOKO assumes positive shears as 
those that result in a counterclockwise couple (or, correspondingly, the 
transverse forces that are in the negative and positive y-directions at ends 1 and 
2 of the member, respectively). 
• Soil (or foundation) flexibility refers to the effects of soil-structure interaction (soil 
compliance) and/or through-soil foundation interaction on the structural systems. 
• In this study, assessment of the effects of pounding is accomplished by means of 
two response values: storey displacements and impact-side column shears. 
Column moments will not be examined since the seismically induced moments 
are directly related to shear. 
• In order to limit the copious volume of output produced by the analyses, only the 
time-histories relevant to the top stories are presented, when required. Additional 
response characteristics are presented in the relevant Appendices. 
• The response amplification ratios represent the aforementioned response values 
normalized with respect to the fixed base no pounding cases. 
5.3 Structural Models 
Two structural systems are investigated in this study: a two twelve-storey configuration 
(Configuration 1) and a twelve- and six-storey configuration (Configuration 2). All 
structures are reinforced concrete moment-resistant frames of equal storey heights 
(3.65m} designed according to the principles of the capacity-design method [P4]. The 
twelve-storey two-bay Rahman frame (Fig. 5.2) is designed in accordance with the 
relevant New Zealand design codes [N5,N6]. The twelve-storey three-bay Tabuchi 
frame [C2] and the six-storey two-bay Jury frame [J7] (Figs. 5.3 and 5.4, respectively) 
were designed in compliance with earlier versions of the same codes. Details of the 
numerical models incorporated in RUAUMOKO are presented in Appendix F. 
The mass ratio of the two twelve-storey buildings is approximately 1 :2.5 (with the 
Tabuchi frame heavier than the Rahman frame) while the ratio of their fixed-base 
natural periods is 1 :1.14. In the case of the twelve- and six-storey configuration, the 
mass ratio is 1 :2.29 (the Jury frame is of lower mass than the Rahman frame) while the 
ratio of fixed-base periods is 1 :2.32. In both configurations, the Rahman frame (more 
flexible in both cases) is located to the left of the Tabuchi and Jury frames (see Fig. 
5.1). 
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5.3. 1 Modelling Assumptions 
For the numerical models implemented in RUAUMOKO [C1], a bilinear moment-
curvature (post-yield stiffness, r = 10%) is assumed for all inelastic elements (beams 
and ground floor columns) of the Rahman frame. In the Tabuchi frame, all inelastic 
beams and columns are assumed to behave elastoplastically, while those of the Jury 
frame are modelled by the modified Takeda degrading stiffness hysteresis rule [01). 
These differences in the numerical models reflect the uncertainties pertaining to all 
aspects of the adjacent structure(s), which are often owned by different parties. The 
pounding response (1 mm separation gap) of the compliant foundation Configuration 1 
case was investigated for a post-yield stiffness of 2% in the Rahman frame (Figs. A.2). 
As can be seen, a significant difference is apparent, even in the Tabuchi frame 
response. The latter is attributable to the differences in impact forces for the two cases 
of post-yield stiffness, due to the difference in hysteretic damping in the two cases. 
The lower value of post-yield stiffness contributes to larger system damping thereby 
reducing the system pounding response. The lower hysteretic damping provided by 
the higher value of post-yield stiffness was considered to be sufficient in light of the 
additional (5%) continuous damping assumed for all modes. 
The Constant Damping model [C1] (constant 5% damping for all modes) incorporated 
in this study obviated the need to specify different damping ratio for each of the sub-
systems (i.e. the superstructures and the soil mass). Ideally, the soil material damping 
could have been represented by an appropriate hysteresis rule (such as the Ramberg-
Osgood rule) or a suitable element (e.g. friction element [M13]). Leger et al. [L4] noted 
that for long-period structures (i.e. T > 1.5 seconds) the choice of a Rayleigh damping 
model (initial elastic stiffness or instantaneous tangential stiffness) does not affect the 
seismic response. 
Analytical (SDOF models) and experimental (scale models) research has been 
conducted to determine the most suitable choice of damping model for different cases. 
Otani [02] attempted to reproduce analytically the results of an experimental study of 
the inelastic response of a scale-model of a 3-storey reinforced concrete frame. The 
damping matrices used were mass-proportional and tangent (instantaneous) stiffness-
proportional in which the proportionality coefficients were derived from the initial elastic 
properties. Otani found that for large-displacement oscillations either model was 
suitable. However, for low-amplitude displacements, the stiffness-proportional 
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40 10-12 0.45x0.45 
Notes: 
(1) Square bays 6.00 x 6.00 m., 6 bays (2 external 
and 4 internal). 
(2) Storey height= 3.65m. 
(3) kN.m.sec units. 
(4) Modulus of elasticity of concrete E = 30 x 10
6 
kN/m2• 
(5) Shear modulus of concrete G = 12.5 x 106 kN/m
2
• 
(6) Slab length of 0.35m added to each side of-
beams in calculation of geometric properties. 
Figs. 5.2 and 5.3: Schematic representation of geometric properties of Rahman and Tabuchi 
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u;> u;> l (172-66) It) {173-66) !;j: (174-66) ~ It) - -
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~ ~ u;> (169-65) (170-65) <O (171-65) co (") '<I" It) - - -
(') (') 
~ u;> u;> 
M It) ,..... 
M '<I" It) ,... ,... ,... 
Tabuchi Exterior Frame 
Exterior Frame 
Total Shear Moment Member Member 
Type Level Area Area of Inertia Type Level Area Area of Inertia 
(m2) (m2) (m4) (m2) (m2) (m4) 
~s,£Pl~T:~ 
77-80 1-4 2.45 1.225 6.01E-2 41-44 1-4 0.98 0.49 2.4E-2 
81-84 5-8 2.113 1.056 4.46E-2 45-48 5-8 0.845 0.423 1.78E-2 
85-88 9-12 1.8 0.9 3.24E-2 49-52 9-12 0.72 0.36 1.30E-2 
89-92 1-4 2.45 0.225 8.01E-2 53-56 1-4 0.98 0.49 3.2E-2 
93-96 5-8 2.113 1.056 5.95E-2 57-60 5 0.845 0.423 2.38E-2 
97-100 9-12 1.8 0.9 4.32E-2 61-64 9-12 0.72 0.36 1.73E-2 
f'.~~~~' L.,~2~fu~M~i, 
101-104 1-4 1.4 0.7 4.0E-2 65-68 1-4 0.56 0.28 1.36E-2 
105-108 5-8 1.313 0.656 3.32E-2 69-72 5-8 0.525 0.263 1.13E-2 
109-112 9-12 1.225 0.613 2.7E-2 73-76 9-12 0.49 0.245 9.24E-3 
Notes: 
(1) Modulus of elasticity= 25 x 106 kN/m2• 
(2) Shear modulus= 10.4 x 106 kN/m2• 
(3) Modified Takeda hysteresis rule (unloading and reloading stiffnesses equal to zero with reloading stiffness power 
factor equal to zero and unloading as in DRAIN-20). 
(4) Damage Indices computed (positive and negative ductilities equal to 30.0}. 
(5) All bays 8.00 x 8.00 m. 
88 
(149-52) (150-56) 
<Xl 1 Element 
Member Area Shear Moment of Plastic Hinge 
Type {m2) Area {m2) Inertia (m4) 
(147-51) 
"i" 
(148-55) N co 
Length (m) 
(') (') ... .- 49 and 53 0.1050 0.1050 0.00315 0.3 
<Xl ! (145-50) "i" (146-54) .-








50-56 0.0963 0.0963 0.00243 0.28 
External 41-42 0.1688 0.1688 0.003516 0.25 
Columns 43-44 0.1519 0.1519 0.002563 0.23 
.- .-







Columns 47-48 0.1875 0.1875 0.003906 0.25 







(140-53) l (') 
(a) The Jury frame consists of six identical frames. The properties above are 
representative of single elements. 
.- ,.. 
lO .-
~ "i" (') (') ..- .-
Key: e.g., (121 - 4.1) =(Member No. • Member Type) 
Jury Frame 
(b) Member and member type numbering are as implemented In numerical 
analyses. 
(c) Modulus of elasticity E = 25x106 kN/m2• 
(d) Shear modulus G = 10.4x106 kN/m2 • 
(e) Bay width = 5.5m. 
(f) Column hysteresis is bl-linear elastic (bi-linear factor r= 0.2%). 
Fig. 5.4: Schematic representation of geometric properties of Jury frame [J7] incorporated in 
numerical model. 
The influence of the impact spring damping is negligible on the peak response 
envelopes [A5,M6]. 
The assumptions applied in the development of a numerical model for the Rahman 
frame for implementation in RUAUMOKO are as follows: 
In order to account for cracking of concrete elements, effective areas (Aert.) for all 
elements are taken as Aeff.=0.5Ag , where Ag is the gross area of the prismatic 
element. 
• Similarly, the shear area (Avert.) is considered to be half of the gross shear area 
(Av), where Av=5/6 Ag [M4]. 
• Effective moments of inertia are as recommended in NZS 3101: 1995 [N6]. 
These values were amended to account for actual axial force levels in columns. 
• Rigid end-blocks are assumed for the inelastic beams and columns as this was 
considered to represent more accurately the actual condition with respect to the 
stiffness of the beam-column assemblage. The lengths of these blocks are equal 
to one-half the depth of the adjoining element at that joint [J7]. 
• A plastic-hinge zone equal to one-half the section depth is assumed for all 
inelastic structural elements [P4]. 
• Some software packages [M3,M5] assume in-plane rigidity of the floor 
diaphragms. This implies the simultaneous contact of the total floor masses of 
the adjacent buildings. In fact, only the local masses of the impacting nodes are 
involved at the first instant of contact. Travelling wave effects in the floor 
diaphragm, in addition to its relative flexibility, lead to the gradual contribution of 
the other nodal masses at the same level at subsequent time stations. This 
results in significant differences in the response of the exterior columns as 
reported by Sinclair [83]. The present study incorporates the recommendations 
of Sinclair [S3] regarding the independence of the lateral degrees of freedom of 
the nodes of each frame (i.e. the horizontal degrees of freedom for each level are 
unslaved). 
• A Newmark Constant Average Acceleration integration scheme (p = 0.25) is 
implemented in the dynamic time-history analyses. 
• A lumped-mass matrix is utilized in the idealization of the mass distribution of the 
structures. The results obtained by this idealization are sufficiently accurate and 
do not differ significantly from those of a distributed mass representation [P3]. 
• The time-step used in all analyses is 0.001 seconds, which is comparable to the 
recommendations of other studies [88, A2]. Such a small temporal increment is 
necessary to detect the short-duration impact events. Comparison of various 
response values (envelopes and time-histories) which were calculated assuming 
different time-steps (5x10-4, 1x10-3 and 5x10·3 seconds) has shown that, while a 
discrepancy in impact force characteristics may be detected, the effect of this 
discrepancy on the other response values (at both global and local levels) is 
negligible (see Figs. A.1 ). 
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Figure 5.4 facilitates the visual perception of the numerical model developed to 
represent the dynamic response of the underlying soil mass. The discrete-element 
models utilized in the representation of the soil-structure interaction (between the 
isolated building and the supporting soil mass directly beneath its footings) and the 
normal and shear force-deformation characteristics of the soil between the adjacent 
buildings are clearly indicated in the figure. Details of the soil-structure interaction 
model and the assumptions pertaining to the properties of the supporting soil are 
presented in Chapter 3 while Chapter 4 presents the through-soil coupling model. The 
impact element is presented in Chapter 2. Figure 5.5 shows a schematic 
representation of the soil flexibility numerical models. 
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5.4 Earthquake Records 
The first fifteen seconds of two (unfactored) excitations are applied separately from 
both directions (i.e. left-right and right-left). A five second period of free-vibration is 
allowed at the end of each analysis. These two excitations are the N-S component of 
the 1940 El Centro earthquake (peak ground acceleration (PGA) = 0.348g) and the S-
140-W component of the 1971 Pacoima Dam earthquake (PGA = 1.23g). The former is 
representative of a benchmark excitation, commonly used in structural dynamics 
studies and aseismic design codes (e.g. [N5]). The Pacoima Dam excitation is a high-
intensity earthquake with most of the strong motion activity occurring within the first 1 o 
seconds of the event. Distinctive characteristics of the spectral accelerations of each 
of these records are presented in the discussion below. The excitations are initially 
applied from the direction of the more flexible (Rahman) frame and, subsequently, from 
the opposite direction. The direction of seismic attack is an important aspect which is 
worthy of consideration in pounding studies [K6,S8]. This is due to its influence on the 
time at which the first impact occurs, the dynamic response of the individual systems 
and the hysteretic behaviour assumed in the numerical models. 
5.5 Separation Gaps 
Various separation gaps, based on different levels of code-specified static loadings, are 
considered in compliance with the requirements of the New Zealand Loadings Code 
(NZS: 4203) [N5]. Accordingly, five initial separation gaps are implemented: 
• A 1 mm gap, simulating complete contact, i.e. no separation gap case. 
• An arbitrary intermediate value of 1 Omm. 
• 24mm, which is the minimum code requirement (Section 2.5.4.2 [N5]). 
• 150mm, representing the code-specified requirement in which both twelve-storey 
buildings are separated by a distance equal to the sum of their elastic displacements 
(determined from equivalent static lateral load analyses [N5]). 
• A separation gap of 380mm equal to the sum of the absolute maximum 
displacement of the top storey of each twelve-storey building determined from an 
inelastic analysis (El Centro record). 
For each of the excitations used in this study, the code-specified gap of 150mm is 
sufficient to preclude pounding of the twelve-storey frame configuration for all cases of 
foundation fixity. Therefore, only four cases are investigated: the 1 mm, 1 Omm and 
24mm cases, in addition to the no-pounding case which is used as a bench-mark. A 
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separation gap of 75mm, equal to the elastic displacement of the Rahman frame 
(determined from an equivalent lateral static force analysis), was also considered. 
However, it was not further investigated due to the limited number of impacts and their 
restriction to the upper levels. 
It is to be noted that the separation gaps referred to herein relate to the clear distance 
between the buildings. The distance between the center-lines of the footings is 
constant (5.0 meters). The soil underlying this region is modelled by the GROUND 
element in the present study. 
5.6 Presentation of Results 
5.6.1 No-Pounding Case 
Firstly, the effects of soil flexibility on the overall dynamic response of the frames in 
each of the two configurations are presented. The effects of through-soil coupling are 
not apparent on storey displacements but are obvious on the impact-side column 
shears, even for the large separation gaps assumed for the no pounding case 
(5 meters). 
5.6.2 Natural Period of Vibration 
As discussed in a preceding chapter (Chapter 3), the introduction of additional modes 
of vibration (horizontal and rotational in addition to a coupled mode) is one of the most 
important features of soil-structure interaction. These new modes of vibration increase 
the natural periods of the structures from the fixed base case. For the Rahman frame, 
the fixed base natural period increased 21%, from 2.27 seconds to 2.76 seconds (see 
Fig. 5.6). The corresponding values for the Tabuchi frame were 1.99 seconds to 2.31 
seconds (representing a 16% increase), while the Jury frame increased approximately 
28% from 0.98 seconds to 1.25 seconds. Since the differences between the results of 
the two flexible soil cases are almost negligible, only the compliant foundation case 
results are compared with those of the fixed base condition. 
The following sections elucidate the modifications to the dynamic response of the three 
frames effected by the increases in their natural periods. 
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Detail of the discrete-element model 
representing the rotational, nonnal and 
horizontal degrees-of-freedom of the soil 
mass beneath each foundation footing. 
Notes: 
1) An additional mass is Included for 
each degree-of-freedom, depending 
·on the Poisson's ratio of the soil. 
2) The rotational degree-of-freedom 
Includes an attached mass to 
represent the Inertial effects. 
Building 1 
Separate foundation 
footings of adjacent 
buildings. 
Building 2 
Normal and shear force-
defonnation characteristics of the 
soil mass beneath the exterior 
foundations of the adjacent 
buildings represented by Vlazov-
Leontiev definition of two-
parameter model. (Placed here 
over the footings for 
convenience). 
Fig. 5.5: Conceptual representation of the soil-flexibility models implemented in the numerical analyses. 
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Fig. 5.6: Response spectra of excitations implemented in this study and effect of foundation 
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Fig. 5.7: Displacement envelopes for no pounding case. 1940 El Centro applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
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Fig. 5.8: Displacement envelopes for no pounding case. 1940 El Centro applied right-left. 
FB = Fixed Base 
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Fig. 5.9: Effect of foundation compliance on top-storey displacement time-history for no pounding case. 
1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
95 
96 


















I , f\ {\ ..
I ~ 
. \, ' . . \ \ 
: l . V\ ~ I\ I \ I I\_ \ ' I H 
1\ ! ' 
,,, 
'/ ~ ' 1J ~\ t3 \ y1 : ~ ' . . \ ~Ii ~o ' •: •j : \ 1 ~ P--1 7 {J : i \\ i \..J 
VI 
: r \ I 1~/ tJ 
Im (s ec ,i ' : . 1.1 i 



















/\ A . \ 
I ~ 
. 
!~ \ J ~~ p IJ I'\ ......... ""'::' ~ . ~ --rn "'\ ,J ·V \ i1 \1 ~ ~ i ' 0 1 ~ 1 ~ 1 5 1 6 1 17 1 8 1 9 ~o ; t 



















~ f ' ~ ~ ~ M~ A~ ..... - 11" ~ -- lf ~ ~\11 t3 ~ /.' ¥'1 ~ ' ~ 1P 1 i1 13 1 17 1 ~ 1 s :JJ 1\i I ._, 
.. ·~) 
--0.2 
I Jury Frame I 
--0.3 
Fig. 5.1 O: Effect of foundation compliance on top-storey displacement time-history for no pounding case. 
1940 El Centro earthquake applied right-left. 
FB == Fixed Base 
NC == Non-Coupled (i.e. through-soil coupling not considered) 
0.3 
0.2 














1 ~ f '*" !.i~ 1!R If\ V\ /' ,_ 
Jt~ ~\ ~1 f/1 3,1 ~;i 5 ' ~ {eJP ~ ti J ~ :j ~ IA 'ti v : \ j 
~ J \II ~ 
-0.2 
-0.3 I 
Rahman I Frame 
0.3 
0.2 














u1 I ~~ 
~ 
~ iv w~ ~1 v 1 p 1 N 1 v ~ 1 \1 rJ fi aj ~p ~ \ 1 .. 1 f\ ~ ~ ' I 11 'V 
-0.2 
Tabuchi Frame I 













I r 1..J l ; \ ~ "' r IV 
"' ~1 r3~ I ~ 1P 1 ll 1 ~ 1 ~ 1 5 1 ~ T ~e rec! ) 
' 
-0.2 ~ I Jury I 
I Frame I 
-0.3 
Fig. 5.11: Effect of foundation compliance on top-storey displacement time-history for no pounding case. 
1971 Pacoima Dam earthquake applied left-right. 
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Fig. 5.12: Effect of foundation compliance on top-storey displacement time-history for no pounding case. 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
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Fig. 5.13: Displacement envelopes for no pounding case. 1971 Pacoima Dam applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
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Fig. 5.14: Displacement envelopes for no pounding case. 1971 Pacoima Dam applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
5.6.3 Storey Displacements 
a) 1940 El Centro Earthquake 
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An overall increase in storey displacements and variations in their time-histories are 
observed. For each of the three frames, the variations in maximum storey 
displacements, for both directions of excitation, are shown in Figs. 5.7 and 5.8. The 
increases sustained by the Rahman frame are the highest of the three frames and are 
biased towards the direction of seismic attack, especially at the upper levels.The 
manifestation of the increase in natural periods as an increase in displacement 
amplitudes, in addition to a shift in response phase, is demonstrated in the time-history 
plots of Figs. 5.9 and 5.10. During the free-vibration stage, the fixed base and 
compliant foundation cases are out-of-phase. This feature is evident at an earlier stage 
in the more flexible structure (Rahman frame). In addition, when foundation 
compliance is considered, a shift in residual displacement at the end of the analysis is 
observed in the Tabuchi and Rahman frames. This shift is in the direction of seismic 
attack in the Rahman frame while the Tabuchi frame shifts in the opposite direction. 
b) 1971 Pacoima Dam Earthquake 
In this excitation case, all three frames display a residual displacement at the end of 
the analysis (Figs. 5.11 and 5.12), with significantly different characteristics from those 
observed above. While the shift in the Jury frame displacement is directed towards the 
direction of seismic excitation, the Tabuchi and Rahman frames are in the opposite 
direction. These residual displacements are higher than those observed in the El 
Centro earthquake case. While the effects of soil compliance on the Rahman frame 
displacement time-history exhibits the same features as those witnessed under the El 
Centro excitation (especially with regard to free-vibration displacement time-history), 
these effects are not as evident on the response of the other frames. 
Another notable feature in this case is the reduction in maximum displacements in the 
direction of the source of the earthquake in both the Rahman and Tabuchi frames 
(Figs. 5.13 and 5.14). No increase in maximum storey displacements towards the 
direction of seismic attack is noted in the top levels of the Rahman frame while 
displacements increased slightly along the height of the Tabuchi frame. Soil-structure 
interaction increased the maximum storey displacements at all levels in the Jury frame 
and for both directions of excitation. 
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5.6.4 Impact-Side Column Shears 
a) 1940 El Centro Earthquake 
The sensitivity of the coupled foundation response of the Rahman frame to the 
presence of adjacent structures, even for the large separation gaps implemented in this 
study in the no pounding case (5 meters), is shown in Figs. 5.16 to 5.18. However, 
closer inspection of the compliant foundation case also reveals a discrepancy in the 
results of the Rahman frame in the two configurations, where no differences should be 
tangible. The reasons for this discrepancy are twofold. Firstly, although similar time-
steps were implemented in the dynamic analyses of the two configurations (0.001 
seconds), the time-stations at which the results were output to the postprocessor 
differed. Therefore, results were recorded at 0.01 second intervals in Configuration 2 
and every 0.004 seconds in the Configuration 1 analyses. This was initially thought to 
have been the reason for the small differences (the magnitudes of which may be 
estimated by comparison of the compliant foundation case results of the Rahman 
frame in the two configurations). 
This oversight was rectified in the Pacoima Dam excitation cases, with all results of 
both configurations output at 0.01 seconds. Differences in the results of the compliant 
foundation cases persisted, however, and were not constant over the height of the 
Rahman frame. It was, therefore, concluded that these differences are due to 
numerical round-off errors resulting from the marked difference in memory 
requirements between the two configurations. A significant increase in band-width of 
the relevant matrices is effected, due not only to the increased number of stories from 
six to twelve but also in the number of bays (from two in the Jury frame to three in the 
Tabuchi frame). In addition, the incorporation of pounding elements along the heights 
of the frames and the discrete-element soil compliance models are all contributing 
factors to the considerably increased size of the analyses. 
In spite of the above sources of error, comparison of response amplification ratios of 
the Rahman frame columns in the two configurations (at levels that did not display 
discrepancies between the compliant foundation cases) revealed marked through-soil 
interaction effects (Figs.5.15 to 5.18), especially at ground floor level. Under a positive 
direction earthquake, the presence of the Jury frame results in a reduction in positive 
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Fig. 5.15: Response amplification ratio (from fixed base no pounding case) of impact-side 
columns in Configuration 1 (Rahman and Tabuchi) Frames for various conditions 
of foundation fixity (no pounding case). 
1940 El Centro earthquake applied left-right. 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.16: Response amplification ratio (from fixed base no pounding case) of impact-side 
columns in Configuration 2 (Rahman and Jury) Frames for various conditions of 
foundation fixity (no pounding case). 
1940 El Centro earthquake applied left-right. 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.17: Response amplification ratio (from fixed base no pounding case) of impact-side columns in 
Configuration 1 (Rahman and Tabuchi) Frames for various conditions of foundation fixity (no 
pounding case). 
1940 El Centro earthquake applied right-left. 
NC == Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.18: Response amplification ratio (from fixed base no pounding case) of impact-
side columns in Configuration 2 (Rahman and Jury) Frames for various 
conditions of foundation fixity (no pounding case). 
1940 El Centro earthquake applied right-left. 
NO = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.19: Effect of foundation fixity assumptions on impact-side column shear 
envelope for no pounding case. 
1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
FC = Foundations Coupled 
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Fig. 5.20: Effect of foundation fixity assumptions on impact-side column shear envelope 
for no pounding case. 
1940 El Centro earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
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Fig. 5.21: Effect of foundation fixity conditions on time history of impact-side column 
shear for no pounding case. 
1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
FC = Foundations Coupled 
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Fig. 5.22: Effect of foundation fixity conditions on time history of impact-side column 
shear for no pounding case. 
1940 El Centro earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
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Fig. 5.23: Response amplification ratio (from fixed base no pounding case) of impact-
side columns in Configuration 1 (Rahman and Tabuchi) Frames for various 
conditions of foundation fixity (no pounding case). 
1971 Pacoima Dam earthquake applied left-right. 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.24: Response amplification ratio (from fixed base no pounding case) of impact-side 
columns in Configuration 2 (Rahman and Jury) Frames for various conditions of 
foundation fixity (no pounding case). 
1971 Pacoima Dam earthquake applied left-right. 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.25: Response amplification ratio (from fixed base no pounding case) of impact-side 
columns in Configuration 1 (Rahman and Tabuchi) Frames for various conditions of 
foundation fixity (no pounding case). 
1971 Pacoima Dam earthquake applied right-left. 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.26: Response amplification ratio (from fixed base no pounding case) of impact-side 
columns in Configuration 2 (Rahman and Jury) Frames for various conditions of 
foundation fixity (no pounding case). 
1971 Pacoima Dam earthquake applied right-left. 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.27: Effect of foundation fixity assumptions on impact-side column shear 
envelope for no pounding case. 
1971 Pacoima Dam earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
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Fig. 5.28: Effect of foundation fixity assumptions on impact-side column shear envelope for 
no pounding case. 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. through-soil coupling not considered) 
FC = Foundations Coupled 
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This beneficial influence of the Jury frame is even more conspicuous when the 
excitation is applied from the opposite direction (i.e. negative direction earthquake, Fig. 
5.18). This aspect merits further investigation to assess the effects of adjacent 
buildings on structural design and performance under seismic loading. 
While large reductions (30-40%) may be observed in the shear amplification ratios of 
the level 6 columns of the Jury frame due to soil-structure interaction (Figs. 5.16 and 
5.18), the overall effects of through-soil foundation coupling are not as conspicuous as 
in the Rahman frame. In addition, the negative shear amplification ratios are more 
sensitive to the direction of seismic attack. 
The beneficial effects of through-soil foundation interaction are highly apparent in the 
Tabuchi frame (Figs.5.15 and 5.17), especially for the negative shear amplification 
ratios at ground floor level (between 50-60%). The unusually large increase in 
negative shear at the top storey column of the Tabuchi frame (Fig. 5.17) is due to a 
large increase in small values. The effects of foundation flexibility on the values of 
maximum impact-side column shears for the three frames may be identified 
quantitatively in Figs. 5.19 and 5.20. 
The effects of foundation fixity assumptions on response characteristics are highlighted 
in the free-vibration phase of the time-histories in Figs. 5.21 and 5.22 (shown here for 
ground floor level columns). The Jury and Rahman frames display similar trends in this 
respect with a significant change in the frequency content of the response (out-of-
phase) compared to the fixed base case. Residual shear forces, which are present in 
all frames, do not exhibit a change in sign with direction of excitation. 
b) 1971 Pacoima. Dam Earthquake 
The Tabuchi frame experiences the highest reductions due to through-soil coupling, as 
is evidenced in the shear amplification plots (Figs. 5.23 to 5.26). The effects of the 
adjacent structures on the response of the Rahman frame are also manifested for this 
excitation case, especially in the positive direction (Figs. 5.23 and 5.24). 
Inspection of impact-side column shear envelopes for this case (Figs. 5.27 and 5.28) 
reveals trends similar to those observed for the case of the 1940 El Centro excitation, 
namely: 
• A larger variation in ground column shears is discernible for the different foundation 
conditions of the Tabuchi frame. 
; ; 8 
• The benefits of foundation compliance in the Rahman frame are not as obvious as in 
the previous excitation although the differences between the results in which soil-
structure interaction is incorporated and those considering through-soil foundation 
coupling are just as conspicuous. Through-soil interaction effects in the Jury frame 
are not as apparent as in the previous excitation cases. A notable exception to this 
is the positive excitation case where the reductions in ground floor negative shear 
amplification ratios in the Jury frame exceed 20%. 
The same observations are noted regarding the shear time-histories as in the El Centro 
excitation case (see Figs. A.4 and A.5). 
5.6.5 Pounding Case 
The response trends of impact force variation for the various cases are presented in 
Appendix B. The sections below review the most prominent trends exhibited in the 
various cases investigated. 
5.6.5.1 Configuration 1 
a) 1940 El Centro Excitation 
The effect of foundation compliance on the maximum impact forces is evident in this 
case (Figs. 5.29 and 5.30). Moreover, the characteristics of the impact forces 
(envelopes and time-histories) are highly dependent on the direction of excitation for all 
conditions of foundation fixity (e.g. for top storey pounding shown in Figs. 5.31 and 
5.32). The effects of through-soil coupling on maximum impact_ forces are very similar 
to those of soil-structure interaction, except for the 1 mm separation gap case (Figs. 
5.29 and 5.30) where a slight reduction of maximum impact forces at mid-height is 
apparent. 
The influence of through-soil coupling on pounding time-history is clearly discernible, 
typified in Figs. 5.31 (1 mm gap) and 5.32 (24mm gap) for level 12. A slight reduction in 
impact force amplitudes is observed in addition to damping of the low amplitude 
multiple impacts. 
When fixed base structures are assumed, a negative direction earthquake effects lower 
impact forces and fewer levels which sustain pounding compared to the opposite 
direction of excitation. This is especially evident for the larger separation gaps at lower 
levels. However, with the consideration of soil-structure interaction, the following 
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Fig. 5.29: Impact force envelopes for various separation gaps and foundation conditions. 
1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
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Fig. 5.30: Impact force envelopes for various separation gaps and foundation conditions. 
1940 El Centro earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
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Fig. 5.31: Effect of earthquake direction on level 12 impact force time-history for various foundation 
conditions and 1 mm separation gap. Rahman and Tabuchi Frames. 
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• Under positive earthquake excitations, the impact forces at levels 11 and 12 for the 
1 mm separation gap are almost equal to those of the fixed base case (Fig. 5.29). 
The increases due to soil-structure interaction are restricted to levels 1 to 1 O for this 
case of initial separation gap. 
• For the same direction of excitation as above, the increases (due to compliance) at 
the lower levels in impact force magnitudes for all separation gaps are more 
conspicuous than those observed at the upper levels. 
• Under the influence of a negative direction excitation, the fixed base impacts are of 
smaller magnitudes at all levels and for all separation gaps considered in 
comparison with the positive excitation cases (Fig. 5.30). In addition, the number of 
levels which sustain pounding decrease markedly with increasing initial separation 
gap. However, when compliance is accounted for, the impact forces attained at the 
top level are comparable to those attained under a positive earthquake. The 
number of stories which experience pounding in the systems with the larger 
separation gaps is still fewer than the number of stories in the corresponding cases 
for the opposite direction of excitation (i.e. from the direction of the Rahman frame). 
• For the larger separation gaps, compliance results in the manifestation of pounding 
at locations where no impacts are witnessed in the fixed base case. This is 
especially evident in the systems subjected to a negative direction earthquake and 
with larger separation gaps (Fig. 5.30). 
Figs. 5.29 and 5.30 demonstrate the validity of recommendations pertaining to the 
location of the contact element at the upper level of numerical and analytical models in 
pounding studies [e.g. J1, K4, K6, M3, and M5]. Exceptions are noted, however, for 
the smaller separation gaps (1 mm and 1 Omm) when soil-structure interaction is taken 
into account. The lower levels may experience impact forces comparable to (or 
exceeding) those developed at the top storey. 
The importance of the direction of excitation on pounding time-history is demonstrated 
in Figs. 5.31 (1 mm gap) and 5.32 (24mm gap) for top storey pounding, as an example. 
When soil flexibility is taken into account, larger impact forces are developed when the 
excitation is applied from the direction of the smaller period Tabuchi frame (negative 
earthquake). However, the number of impacts is significantly higher for the opposite 
direction of seismic excitation. 
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Another significant effect of foundation fixity conditions is the temporal shift at which 
maximum impacts occur. These shifts are discernible only in the case of positive 
direction excitation. 
b) 1971 Pacoima Dam Earthquake 
The pounding response appears to be more sensitive in this excitation case to the 
direction of seismic excitation than the El Centro earthquake case (Figs. 5.33 and 
5.34). In addition, the effects of through-soil foundation coupling are more 
conspicuous. Soil flexibility is beneficial in reducing the maximum impact forces for the 
systems subjected to a positive direction earthquake (Fig. 5.33). Under an opposite 
direction excitation a slight increase in maximum impact forces, compared to the fixed 
base case, is perceived especially at the upper levels. For this (negative) direction of 
excitation, the difference between fixed base and coupled foundation impacts (i.e. 
considering through-soil interaction) increases with increasing separation gap. A 
different trend is noted for the case of the 1 mm separation gap where the intermediate 
levels experience a reduction due to soil flexibility effects. 
The effect of soil flexibility on the manifestation of pounding is opposite to that noted for 
the El Centro case (Figs. 5.29 and 5.30): the impacts detected at certain levels 
assuming fixed base conditions do not occur under flexible soil conditions. 
A number of similarities to the case of the El Centro earthquake excitation may be 
identified. These are as follows: 
• Maximum impact forces comparable to top level impacts are developed at the lower 
levels in the (flexible soil) 1 mm separation gap case. As in the El Centro case, this 
is only evident under positive direction excitation. 
• The impact forces at the upper levels are significantly higher for flexible soil 
conditions under negative direction excitation. 
The influence of foundation flexibility and direction of earthquake on level 12 impact 
time-history for the 1 mm and 24mm separation gaps is presented in Figs. 5.35 and 
5.36, respectively. The main features are: 
• A significant reduction in the number of top-level impacts is observed when the 
excitation is applied from the negative direction. 
• For a positive direction earthquake the magnitudes of the impact forces are lower at 
top level for both separation gaps when foundation flexibility is accounted for. 
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Fig. 5.33: Impact force envelopes for various separation gaps and foundation conditions. 
1971 Pacoima Dam earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
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Fig. 5.34: Impact force envelopes for various separation gaps and foundation conditions. 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
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Fig. 5.35: Effect of earthquake direction on level 12 impact force time-history for various 
foundation conditions and 1 mm separation gap. Rahman and Tabuchi Frames. 
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• The effects of through-soil interaction are highly dependent on the initial separation 
gap and the direction of excitation. For top storey pounding of the configuration 
under investigation, the larger separation gap appears to be more sensitive to the 
effects of excitation direction. For this separation gap, through-soil coupling results 
in an increase in the magnitudes of impact forces, especially when the excitation is 
applied from the positive direction. An increase in the number of small amplitude 
impacts may is observed for the negative direction excitation case. Temporal shifts 
of impact forces under positive direction excitation are also discernible in this 
earthquake. 
5.6.5.2 Configuration 2 
a) 1940 El Centro Earthquake 
A more coherent trend is discernible in the variation of maximum impact forces for all 
cases of separation gaps in this configuration than those observed in the Configuration 
1 cases. For all separation gaps, base fixity conditions and directions of excitation, the 
impact forces developed at the six levels in this configuration are much higher than the 
corresponding values of the two twelve-storey frame configuration. 
The most notable characteristics observed for this configuration under the El Centro 
earthquake are: 
• An increase in maximum impact forces at all levels and for both directions of 
excitation due to soil-structure interaction (Figs. 5.37 and 5.38). 
• Level 6 impacts are significantly higher than those developed at the other levels for 
both directions of seismic excitation. 
• For fixed base buildings, the maximum impact forces in each case of separation gap 
size are independent of the direction of excitation. This is not the case when 
foundation flexibility is accounted for. A negative direction earthquake produces 
larger impact forces for all initial separation gaps when soil flexibility is considered. 
• The effect of through-soil coupling is evident only in the case of the 1 mm separation 
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Fig. 5.37: Impact force envelopes for various separation gaps and foundation conditions. Rahman and Jury Frames. 
1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
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Fig. 5.38: Impact force envelopes for vari.ous separation gaps and foundation conditions (Rahman and Jury Frames). 
1940 El Centro earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 























































J, IU 1/J1 k 
0 1 2 3 4 5 6 7 6 9 10 11 12 13 14 15 16 17 16 19 20 
lime (sec) 









r I II 11~ ~ I ~ h h. 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Time (sec.) 
1940 El Centro 
Coupled ~ 
Foundations 




( I I I~ k 
' K 
A\. I ~ ,... 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Tlllle (sec ) 
Fig. 5.39: Effect of earthquake direction on level 6 impact force time-history for various 
foundation conditions and 1 mm separation gap. Rahman and Jury Frames. 
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Fig. 5.40: Effect of earthquake direction on level 6 impact force time-history for various 
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Fig. 5.41: Impact force envelopes for various separation gaps and foundation conditions (Rahman and Jury Frames). 
1971 Pacoima Dam earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
FC = Foundations Coupled 
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Fig. 5.42: Impact force envelopes for various separation gaps and foundation conditions (Rahman and Jury Frames). 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC = Non-Coupled (i.e. compliant foundations without through-soil interaction modelling) 
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Fig. 5.43: Effect of earthquake direction on level 6 impact force time-history for various 
foundation conditions and i mm separation gap. Rahman and Jury Frames. 
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1971 Pacoima Dam earthquake. 
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The influence of excitation direction and foundation conditions on the time-history of 
level 6 impact force are presented in Figs. 5.39 (1 mm separation gap) and 5.40 (24mm 
gap). As in the previous configuration (two twelve-storey frames), consideration of soil-
structure interaction results in an increase in the number and magnitude of impact 
forces. The direction of the seismic excitation clearly influences the times at which the 
impacts occur in addition to the frequency content and magnitudes of impacts. 
However, the temporal effects of foundation compliance on the occurrence of 
maximum impact are not as conspicuous as in the previous configuration. In addition, 
the influence of through-soil coupling is minimal. 
b) 1971 Pacoima Dam Earthquake 
As in the case of the El Centro excitation, the various cases of separation gaps display 
similar trends depending on the direction of excitation (Figs. 5.41 and 5.42). However, 
the nature of these trends differs markedly from those observed for the El Centro 
excitation. These trends may be enumerated as follows: 
• The effect of foundation flexibility conditions on the maximum impact forces, with 
respect to the assumption of a fixed base, is dependent on the direction of 
excitation. For positive excitation, compliance increases the impact forces at mid-
height of the Jury (six-storey) frame and has either no (1 Omm gap) or limited effect 
(1 mm and 24mm gaps) on the top level impact forces (Fig. 5.41 ). 
• The influence of excitation direction is especially notable with respect to the effect of 
separation gap on the maximum impact force developed at level 6. The smaller 
separation gaps results in progressively larger impact forces for positive excitation. 
A negative direction earthquake results in larger impact forces that are independent 
of the initial separation gap magnitude. 
• The effects of through-soil foundation interaction are negligible for all cases of 
excitation and separation gaps. 
The influence of earthquake direction, in addition to separation gap and foundation 
fixity conditions, on level 6 impact time-history is presented in Figs. 5.43 and 5.44 (for 
1 mm and 24mm separation gaps, respectively). The effects of foundation flexibility 
are not as conspicuous as in the twelve-storey cases (Configuration 1 ). The increased 
number and magnitude of impacts for the case of excitation from the direction of the 
frame with lower natural period (i.e. Jury frame) is apparent. 
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5.6.6 Shear in Impact-Side Columns 
In this section, the results of variation of initial separation gap on the column shears for 
the coupled foundations case only will be presented. Quantitative comparisons 
presented in Appendices C-E highlight the effect of pounding on column shears (in 
addition to other response characteristics) in the three frames for the different 
foundation conditions and (positive direction) excitations implemented in this study. 
5.6.6. 1 Configuration 1 
a) 1940 El Centro Earthquake 
As an example of the effects of foundation fixity conditions, Fig. 5.45 presents the 
response amplification ratios of column shear in the Tabuchi frame for various initial 
separation gaps. While the fixed base response of the Tabuchi frame appears to be 
relatively insensitive to the magnitude of the initial separation gap, consideration of soil 
flexibility reveals that this is not the case. Reductions of up to 60% are witnessed in 
the negative shears at ground floor level columns for the coupled foundation case. The 
conventional fixed base assumption gives the erroneous impression that variations 
from the no pounding case are almost negligible at this level. These trends are 
displayed quantitatively in Fig. 5.46. Similar observations may be made for the other 
frames regarding the influence of foundation fixity conditions in all the cases 
considered. 
In certain cases (e.g. the upper levels of the Tabuchi frame in Fig. 5.49), the response 
amplification ratios exhibit unusually large variations. This is due to the small 
magnitude of the response values at these locations. Since the ground floor column 
shears are of relatively higher magnitudes than at other levels, the response 
amplification ratios at this level are more indicative of the actual effects of the various 
factors investigated. 
The effects of earthquake direction and magnitude of separation gap are presented in 
Figs. 5.48 and 5.49 as shear amplification ratios for the coupled Rahman and Tabuchi 
frames. The Rahman frame displays a higher sensitivity to variations in separation gap 
size, especially for negative shears. Under the influence of positive excitation, where 
impacts developed at mid-levels are comparable to those at level twelve (Figs. 5.47), 
large variations are noted at these levels in the Rahman frame. These effects extend 
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Fig. 5.46: Effect of foundation fixity conditions on impact-side column shears of twelve-storey Tabuchi Frame for 
various initial separation gaps. 1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC = Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 5.48: Effect of separation gap on response amplification ratio (from fixed base no pounding case) of impact-
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The following observations may be noted with respect to positive earthquake excitation: 
• The increasing magnitudes of the top storey impacts with increasing separation gap 
are manifested as corresponding increases in the negative response amplification 
ratios at the lower levels of the Rahman frame. 
• The time-stations at which impacts occur at adjacent levels significantly influence 
the nature of the response amplification at the level considered. For example, 
although only four levels sustain pounding in the 24mm case, the effect on the 
negative shears of the Rahman frame is quite marked for this case. This may be 
attributed to the close succession of impacts at these levels (within approximately 
0.2 seconds of each other}, resulting in an augmentation of the resulting impact 
forces. 
• Generally, pounding has a beneficial effect on the response of the Rahman frame 
for small separation gaps and on the Tabuchi frame regardless of gap size. 
Application of the excitation in the opposite direction reveals similar trends (Fig. 5.49). 
Impact forces induced by a separation gap of 24mm result in reductions exceeding 
20% in the positive response ratios of the Rahman frame. At the same time, an 
increase of about 35% at level 1 O negative shear is observed. The Tabuchi frame 
maintains the insensitivity to separation gap size exhibited in the case of excitation in 
the opposite direction. 
b) 1971 Pacoima Dam Earthquake 
The sensitivity of the response to the direction and characteristics of the excitation is 
highlighted in the plots of the response amplification ratios (Figs. 5.50 and 5.51 ). The 
impact forces developed in this earthquake are presented in Figs. 5.47. Reductions in 
response due to pounding are apparent in both frames, with those in the Tabuchi frame 
of larger magnitude than the response ratios of the Rahman frame, especially at 
ground floor level. 
The Rahman frame displays relative insensitivity to variations in the initial separation 
gap size under a positive excitation (Fig. 5.50). This is not the case for the negative 
direction excitation, which produces larger impact forces for all gap sizes than the 
previous case (Figs. 5.47). 
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Fig. 5.50: Effect of separation gap on response amplification ratio (from fixed base no pounding case) of impact-
side column shear of Configuration 1 frames for coupled foundations case. 
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Fig. 5.51: Effect of separation gap on response amplification ratio (from fixed base no pounding case) 
of impact-side column shear of Configuration 1 frames for coupled foundations case. 
1971 Pacoima Dam earthquake applied right-left. 
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As in the negative El Centro earthquake, impacts at the upper levels in the 24mm 
separation case occur within a short time interval. This leads to deviations of the 
response from the trends exhibited by the other cases of separation gaps. It may be 
noted that for this case of separation gap, pounding occurred only in the upper half of 
the structures. 
The response of the Tabuchi frame displays a higher sensitivity to the effects of 
pounding, with larger reductions in the negative response ratios than those witnessed 
in the Rahman frame. The relative insensitivity of the Tabuchi frame to direction of 
excitation and gap size is also apparent in the figures. 
5.6.6.2 Configuration 2 
a) 1940 El Centro Earthquake 
The larger impact forces developed in this configuration (Figs. 5.52) resulted in more 
marked variations in response than those observed in Configuration 1. The following 
observations may be made regarding this case from inspection of Figs. 5.53 and 5.54: 
• Significant increases in the Rahman frame response are noticeable, especially at 
levels exceeding those of the Jury frame. At these levels, increases comparable to 
(and in some instances exceeding) those sustained at the lower levels may be 
observed. In addition, the variations due to separation gap sizes are more obvious 
at these levels than those at levels 1 to 6. 
• The larger separation gaps produce larger increases in shear amplification ratios at 
the top level of the Jury frame whereas, in the Rahman frame, the maximum 
amplification ratios in level twelve are produced by the smaller separation gaps. 
• A significant difference in the magnitudes of the increases in negative response 
ratios at the ground floor of the Rahman frame are evident for the two directions of 
seismic attack. This is despite the similarity of the maximum impact forces 
developed at the lower levels. While both cases of seismic excitation display 
simultaneous impacts at levels 2 to 6, the magnitudes of the secondary impacts at 
the various levels differ in the two excitation cases. The larger amplitude secondary 
impacts result in the larger increases in ground floor level response values. 
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Fig. 5.52: Impact forces developed in Configuration 2 for the various earthquakes and separation gaps. 
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• The influence of the separation gap on the Jury frame response amplification differs 
markedly for the two directions of seismic excitation. Under the effects of a negative 
earthquake, a reduction in level 5 positive response in the Jury frame is observed for 
the 1 mm and 1 Omm separation gaps. However, the increases in column negative 
shear response at the ground floor level in both cases exceed those of the 24mm 
separation gap case. For the opposite direction of excitation, the ground floor 
columns all witness an equal increase in positive shear amplification ratios for all 
separation gaps (20% to 30%). In addition, the increases in the response 
amplification ratios of the Jury frame at all levels are relatively insensitive to initial 
separation gap magnitudes. 
b) 1971 Pacoima Dam Earthquake 
Despite the significant differences in level 6 impacts under positive direction excitation 
for the various separation gaps (Fig. 5.52), similar shear amplification ratios in the Jury 
frame columns are manifested regardless of the magnitude of these gaps (Fig. 5.55). 
Reductions to the order of 10% are attained along the height of the building. In 
comparison, significant increases in negative shears are observed in the Rahman 
frame at ground floor level and level 7. The only perceptible influence of separation 
gap magnitude is at level 7. At this location, the difference between the response 
ratios produced by the 1 Omm gap on the one hand, and the 1 mm and 24mm gaps on 
the other, is of the order of 15%. 
Conversely, under negative direction excitation (where the level 6 impacts are equal for 
the various separation gaps) the top level response ratios of the Jury frame are 
dependent on separation gap magnitude (Fig. 5.56). A 20% increase in the negative 
shear of the top level column is observed for the 1 mm gap case, which decreases with 
increasing separation gap. At lower levels, reductions of the same order of magnitude 
are observed in the positive shear amplification ratios of the ground floor columns for 
the 1 mm and 1 Omm gaps, in addition to levels 3 and 4 (for the former gap size). These 
reductions may be attributable to the impacts at level 1 which are evident in the 1 Omm 
separation gap case as well. 
Although reductions are also observed in the shear amplification ratios of the Rahman 
frame columns at level 11 for the same (negative) direction of excitation, the increases 
in the stories above level 6 are exceptionally high. An increase of approximately 50% 
in negative response ratios may be observed at level 7 and gradually decreases to 
zero at level 10. At levels below level 6 no variation is discernible in negative response 
ratios of the Rahman frame columns. 
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Fig. 5.55: Effect of separation gap on response amplification ratio (from fixed base no pounding case) of impact-
side column shear of Configuration 2 frames for coupled foundations case. 
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The opposite trend is noted, however, for the positive shear amplification ratios of the 
same frame. Levels 1 to 6 all experience increases of various magnitudes while no 
variations are observed in the levels above the Jury frame. A conspicuous increase 
(90%) in the positive response ratio of the Rahman frame is observed in the case of the 
1 Omm separation gap. This is due to the nearly simultaneous impact of several floors 
(2 to 6), thereby effecting an augmentation of impact forces (constructive interference). 
5.6. 7 Relative Storey Accelerations 
The effects of foundation fixity conditions, initial separation gap and earthquake 
excitation type and direction on relative storey accelerations are presented below for 
Configuration 2. 
The most obvious feature is that the acceleration amplification ratios (normalized with 
respect to the corresponding storey accelerations for the fixed-base no pounding case) · 
appear to be independent of the earthquake magnitude. Figures 5.57 and 5.58 show 
that the storey accelerations developed in either direction of the El Centro earthquake 
are higher than the corresponding values of the Pacoima Dam earthquake (Figs. 5.59 
and 5.60). Also, the results of the latter earthquake are more sensitive to the 
foundation conditions, as is evident from the differences for each separation gap. For 
the Rahman frame, these differences are localized around level 6 for the larger 
separation gaps. However, for the 1 mm separation gap case all the levels below level 
6 are sensitive to the assumed foundation fixity condition. 
Figure 5.59 shows the influence of initial separation gap on the acceleration 
amplification ratio for both directions of the 1940 El Centro earthquake with through-soil 
interaction effects taken into consideration. The lower levels of the Jury frame appear 
to be more sensitive to a negative direction earthquake (i.e. applied from right-left). The 
24mm separation gap produced the highest increase in accelerations in the lower 
levels of the Rahman frame under a positive direction earthquake. 
Under the Pacoima Dam excitation, the increases in both frames and for all separation 
gaps were not as significant as in the El Centro excitation case (Figs. 5.60-5.62). The 
Jury frame sustained the highest increases especially at the upper levels under a 
negative direction earthquake (Fig. 5.61 ). Figure 5.62 shows that only level 1 of the 
Rahman frame and level 6 of the Jury frame were sensitive to the magnitude of the 
initial separation gap. 
These results indicate the sensitivity of the storey accelerations to the characteristics, 
and not the magnitude, of the earthquake excitation. Therefore, the impact force 
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envelope (such as that shown in Fig. 5.52 for Configuration 2) is not a suitable 
indication of the expected storey accelerations. This is highlighted in Fig. 5.63, which 
shows the time-history of the level 4 relative acceleration (of both the Rahman and Jury 
frames) under the positive El Centro excitation. The large acceleration amplification 
ratio at level 4 shown in Fig.5.57 for the 24mm separation gap case occurs between 3 
and 4 seconds. This corresponds to the time-station at which large impacts occur at 
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Fig. 5.63: Impact forces and relative storey accelerations at level 4 for 24mm separation gap case. 
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6. DISCUSSION AND RECOMMENDATIONS FOR 
FUTURE RESEARCH 
6.1 No Pounding Response 
Inspection of the acceleration response spectra of the two excitations (Fig. 5.6) reveals 
the reason for the reduced maximum displacements in the Pacoima Dam case. For 
natural periods longer than 2 seconds, the spectral accelerations for damped (5%) and 
undamped systems are almost identical in the case of the Pacoima Dam event. In 
addition, the reduction in spectral accelerations is slightly larger than that witnessed in 
the El Centro earthquake. 
One of the main effects of soil-structure interaction, besides the increase of the 
flexibility of the dynamic system, is the increase of damping [M13]. In the case of the 
Pacoima Dam excitation, this latter effect does not significantly influence the 
displacement response. In addition, the change in system flexibility, hence in natural 
period, has a.n almost negligible effect on the maximum displacements for the reasons 
cited above (smaller spectral accelerations with increased natural period). The 
increased system flexibility induced by soil-structure interaction is more obvious in the 
pounding response. 
6.2 Pounding Response 
1. Studies have shown that adjacent structures modelled as bi-linear systems and/or 
which develop large ductility may exhibit a biased response [N1]. Yamanouchi and 
Yomo [Y1] found that the initial phase angle of the causative seismic waves affects 
this residual displacement or bias of the bi-linearly modelled vibrating system. 
(The initial phase angle is defined as the phase angle at zero circular frequency of 
the Fourier phase spectra). In their study, they found that the magnitude of the 
bias in single degree-of-freedom systems with elastoplastic hysteresis is 
independent of the peak intensity of the impinging wave. These residual 
displacements have also been witnessed in damage reconnaissance surveys [82, 
M1]. Therefore, the difference in the positive and negative direction displacement 
responses of each frame may be ascribed to the sensitivity of the assumed 
hysteresis rules to the direction of applied earthquake loading [K6,S8], and the 
characteristics of the excitation itself [A5,Y1]. In addition, the parameters defining 
these hysteresis relationships, such as post-yield stiffness, unloading stiffness 
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degradation parameter, etc. [03], influence the nature of the displacement 
response. 
2. The direction of excitation was shown to be significant in the determination of the 
pounding response characteristics. Davis [01] has shown that the velocity of a 
SDOF damped oscillator at first impact against a barrier is dependent on the 
direction of initial excitation of the oscillator with respect to the barrier. Leibovich et 
al. [L7] indicated the significance of earthquake direction on the pounding 
response of inelastic systems. Kasai et al. [K6] noted the significance of direction 
of seismic attack, due to its effects on the residual displacement at the termination 
of the ground motion excitation. The necessity of investigating the response with 
application of the earthquake excitation from the opposite direction was also 
suggested by Sinclair [SB]. 
3. The influence of soil flexibility on the free-vibration response of the impacting 
frames is typified in Figs. 6.1 and 6.2 for a 1 mm separation gap pounding case. 
These figures also show the residual displacements sustained by the frames in 
each of the tvvo configurations affected by pounding and the variation from the 
fixed base pounding condition. Significant deviations from the fixed base condition 
are apparent in both magnitude and response phase depending on the 
configuration, the characteristics of the seismic excitation and its direction of 
impingement. The displacement response time-history does not appear to be 
sensitive, however, to initial gap size. 
The above characteristic (i.e. with respect to the manifestation of soil flexibility 
effects in the free-vibration response) may be explained by separating the 
response of the structure into two parts; a forced-vibration part and a free-vibration 
phase [J1]. The forced-vibration segment of the response is when the structure is 
subjected to an initially weak excitation followed by a high amplitude shaking. The 
structural response is influenced by the characteristics of the excitation and the 
adjacent structures will vibrate in-phase. As the intensity of the excitation 
weakens, the structures, which were initially experiencing a high-amplitude 
oscillation, will respond in a free-vibration state in their differing natural periods 
(free-vibration response). Thus, it is during the transitional (i.e. initial and final) 
phases of near-field excitations that adjacent structures may be most susceptible 
to pounding, i.e. in the free-vibration response stages. 
4. The influence of adjacent storey impacts on the response amplification of the 
storey under investigation is clearly demonstrated in this study. For example, 
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considering the pounding response of Configuration 2, where the impacts at the 
lower levels are much smaller than those sustained by the top storey, significant 
variations in the shear amplification response are identified for the different 
separation gaps. These variations are noted even in the fixed base case and are 
especially conspicuous in the Pacoima Dam earthquake cases. Analogous 
pounding studies (i.e. involving buildings of differing total heights such as [K4, M3, 
M6]) prescribe pounding at the top level of the shorter building only, mainly due to 
software limitations. These studies, therefore, do not take into account the 
modifications to the pounding-induced energy waves resulting from simultaneous 
pounding events at the adjacent levels. 
5. The overall dynamic response of the impacting systems is relatively insensitive to 
the modelling of the contact elements, as has been indicated and verified in 
previous studies [A 1, M3, M6, SS]. 
6. A large disparity exists between the pounding response of the structures in which a 
conventional fixed base is assumed and the results obtained from a soil-structure 
interaction analysis (see figures in Appendix). This difference is due to the 
increase in significance of the higher modes as a result of the consideration of soil-
structure interaction. The effect of this higher mode contribution is to change the 
mode shapes and, therefore, the time-stations at which impacts occur. The effects 
related to the variations in the dynamic properties of the oscillating systems with 
respect to the characteristics of the earthquake have already been alluded to. 
7. The main effects of foundation compliance are an increase in both the natural 
periods of vibration of the adjacent structures and in system damping. Therefore, 
the repercussions of the consideration of soil-structure interaction effects on the 
dynamic response of the system will depend on the spectral response 
characteristics of the predicted earthquake. In addition, the time-stations at which 
impacts occur will affect the subsequent impact events [88]. Since these impacts 
impart an impulsive force to the adjacent structures and result in a sudden change 
in displacement direction, the time at which they occur, with respect to the 
earthquake time-history, is of vital importance for the total response time-history. 
The expected effect of foundation compliance would be to promote in-phase 
oscillation of the adjacent structure, due to the increased contribution to damping 
from the soil. However, this aspect must be considered in conjunction with the 
variations in the dynamic characteristics of the structures and the ensuing 
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8. The peak ground acceleration of the seismic event is not a sufficient indicator of 
the expected magnitude of the maximum impact forces. In Configuration 1, the 
Pacoima Dam event (PGA=1.23g) produced lower impact forces than the El 
Centro earthquake (PGA=0.348g) for most levels, separation gaps and for both 
directions of seismic attack. This is especially important in the development of floor 
response spectra since the maximum floor accelerations are highly dependent on 
both the impact and excitation time-histories, as was shown for the Configuration 2 
case. Other factors pertaining to the earthquake characteristics, such as frequency 
content, duration of ground motion, and duration and sequence of high amplitude 
pulses, should also be considered and not only the peak ground accelerations. 
9. The impact force envelope by itself is not a sufficient indicator of the accelerations 
developed along the height of the structure. The development of floor response 
spectra requires the consideration of the characteristics of the excitation in 
conjunction with the pounding time-history. For example, the oscillatory nature of 
the 1940 El Centro earthquake resulted in higher floor accelerations compared to 
the high-amplitude impulsive 1971 Pacoima Dam excitation. 
10. The adjacent structure defines the response characteristics of the building under 
investigation due to through-soil foundation interaction [M19]. Anagnostopoulos et 
al. [A2] showed that, for fixed base multiple-sided pounding of adjacent equal 
storey-height structures (as in the case of a row of buildings), the ratio of periods of 
the impacting structures influences the response. The significance of this aspect 
increases with consideration of through-soil interaction effects. For example, it has 
been shown that the increase of mass of the adjacent structure increased the 
maximum response of the modes of vibration induced by interaction effects [12, K7, 
L9]. 
9. Consideration of soil flexibility influences the reflections noted by some authors 
(e.g. Maison et al. [M3]) of the impact force energy waves from the fixed base of 
the structures. It has been postulated that these reflected waves alter (either 
augment or attenuate depending on the mode shape of the structures at which 
impacts occur [88]) the distribution of shear forces and moments in the elements 
along the heights of the structures. Soil-structure interaction will alter the nature of 
the waves reflected into the structure. Through-soil interaction results in a 
transmission of these energy waves as shear forces to the adjacent building. In 
addition, the properties of the supporting soil will be affected. 
;7; 
The mechanism of shear amplifications in columns due to pounding has been 
presented by Sinclair [SB]. Briefly, Sinclair postulated that the amplification trends 
are dependent on the mode shapes of the impacting structures at the time at which 
pounding occurs. 
· 10. The effect of soil flexibility on pounding response is particularly discernible in the 
free-vibration phase of the impact force time-history compared to the fixed base 
analyses. These effects were manifested as a marked variation in the frequency 
content and an increase or reduction of impacts during this phase. These 
variations in pounding characteristics are highly dependent on the stories 
investigated, the nature of the excitation and the dynamic properties of the 
structures. The implications of this aspect are important with respect to the 
investigations of local pounding effects. 
11. For the Configuration 1 cases, a general trend may be identified in the variation of 
the response of the ground floor column shears due to pounding. The lighter frame 
is more sensitive to the variations in separation gap size while the heavier frame 
sustains larger reductions than the lighter frame of the same tota! height. The on!y 
exception noted for the latter trend is in the case of the negative El Centro 
earthquake. In this case the reductions in the (positive) response ratios of the 
(lighter) Rahman frame exceed those of the Tabuchi frame and increase with gap 
size. 
12. Increasing the width of the gap separating adjacent buildings does not necessarily 
imply a corresponding reduction in amplification response ratios or impact forces 
(as was noted in previous studies [M6]). This was starkly exhibited at mid-height 
of the lighter frame of Configuration 1 (El Centro earthquake) and the top storey of 
the shorter Jury frame in Configuration 2. An exception is noted in the positive 
response ratios of the Rahman frame (Configuration 2) under positive El Centro 
earthquake. The amplification ratios are markedly lower in the upper levels than 
the corresponding values for the smaller separation gap sizes (which witnessed an 
increase of 80% for the 1 mm gap case). 
As regards the impact forces, top level impacts increased in Configuration 1 with 
increasing separation gap for both directions of the El Centro excitation 
considering through-soil interaction effects. The larger separation gaps, however, 
had a marked effect on the number of stories that sustained pounding. Increasing 
the initial separation gap mitigated pounding at the lower levels for both 
earthquakes considered in this study. For the Configuration 2 pounding response, 
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increasing the separation gap size did not significantly alter level 6 pounding. The 
major exception was the positive direction Pacoima Dam earthquake. Increased 
separation gap significantly reduced the maximum impact forces developed at the 
upper levels. Impacts at the lower levels of this configuration decreased with 
increasing gap size. 
13. Although a two-foundation system has been shown to be more sensitive to 
foundation flexibility effects than a single foundation system [L 16], rigid foundations 
were assumed in this study. This is a valid assumption as the behaviour of most 
foundations may be considered to be rigid within a wide range of excitation 
frequencies. In addition, the effects of through-soil interaction are appreciably 
more conspicuous in rigid than flexible foundations [L 16]. 
14. The findings of this study corroborate the findings of earlier analytical and 
numerical investigations [L3,L9,Q3,R7] with respect to the effects of mass, 
frequency content of excitation, shift in frequency of maximum response, the out-
of-phase response due to soil flexibility 
6.3 Recommendations for Further Research 
1. It has been shown that adjacent structures significantly influence the dynamic 
response characteristics of the building under consideration due to soil flexibility 
effects, even when the separation gap is of large magnitude. Further research 
would be conducive in determining the repercussions of this aspect, not only those 
related to potential pounding risk, which must be accounted for in the design of 
buildings in built-up metropolitan areas. The fixed base pounding response of 
buildings in series has been investigated by a number of researchers [A 1, A5]. 
2. The effects of soil flexibility on the eccentric pounding response of adjacent 
structures require further study. The orientation of structures with respect to the 
impinging seismic waves and the accumulation of debris between buildings are 
just some of the factors which render the likelihood of symmetric pounding 
response extremely small. In addition, through-soil interaction between adjacent 
structures induces torsional response in both structures under seismic excitation 
[L3, R?, L9, 03]. Torsional pounding response of single-storey systems has been 
investigated by Leibovich et al. [L6, L?]. 
3. The available formulae defining the effective separation gaps to preclude pounding 
[J1, K6, L 1 O, J2, P9] neglect the effects of soil flexibility. Most of these formulae 
are based on the statistical combination of the displacement response of the 
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adjacent structures, with some additional factors (such as damping) taken into 
account. The incorporation of soil flexibility, with the resulting variations to the · 
system natural frequencies and modes of vibration (such as increasing the 
significance of higher modes in addition to reducing the difference between the 
natural frequencies in the various modes of each structure), may affect the 
accuracy, and hence the applicability, of some of thes.e formulae. 
4. The various assumptions incorporated in the numerical modelling of the structures 
play a significant role in the determination of the system response. The effects of 
implementing assumptions such as rigid-block length, the presence of plastic 
hinges in ground floor columns, the hysteretic models assumed for the various 
elements, etc. should be evaluated. 
5. The influence of other aspects of through-soil interaction (such as the angle of 
incidence of the excitation and foundation embedment [Q3]) on pounding response 
require further investigation. 
6. Base isolation has been suggested as a means of pounding mitigation [J2, K4]. 
The increased damping of the adjacent structures will promote in-phase oscillation 
of the adjacent structures, thereby reducing the pounding risk. Further 
investigation into this aspect is recommended as the efficiency of this technique is 
believed to be dependent on the characteristics of the seismic excitation. 
7. The effects of inelastic soil behaviour on the pounding response, in addition to 
through-soil coupling effects, require further consideration. The main influence of 
hysteretic soil damping would be to promote in-phase vibration of the adjacent 
systems due to increased system damping. However, consideration of through-soil 
interaction with inelastic soil behaviour may induce higher pounding forces in 
addition to significant variations in impact time-history thereby increasing the 
sensitivity of the response to excitation characteristics. 
8. The influence of the distance between exterior foundations of the adjacent 
buildings in addition to the separation gaps between the buildings themselves on 
pounding response. In this study, the separation gaps were effected only between 
the buildings, i.e. the distance between the exterior foundations of the adjacent 
structures was kept constant (5.0 meters). It is expected that the manifestation of 
through-soil interaction would be much more obvious if the foundations were in 
closer proximity. 
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9. The implementation of a force-limiting element in the contact model. The higher 
levels of pounding forces expected when the exterior foundations of adjacent 
buildings (in addition to the buildings themselves) are in close proximity requires 
the implementation of a more realistic element representing the actual condition of 
the impacting surfaces. The nonlinearly elastic Hertz contact rule, while 
adequately representing the increased area of contact due to degradation, does 
not allow for the specification of a maximum impact force beyond which no contact 
is manifested between the impacting surfaces. As an example, a level of pounding 
forces may be developed at a certain level which may lead to spalling of concrete. 
A "force-limiting" element at this level will ensure that no impacts will be detected 
at this storey when such a level of forces due to pounding has been attained. 
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Fig. A.1: Effect of time-step implemented in time-history analysis on maxima of various pounding 
response values (1 mm separation gap). Compliant foundations case. 1940 El Centro 
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Fig. A.2b: Effect of bilinear factor (r} assumed in Rahman frame numerical model on maxima of 
various pounding response values (1 mm separation gap). Compliant foundations case. 
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Fig. C.1: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Rahman frame (Configuration 1) for various initial separation gaps. 
1940 El Centro earthquake applied left-right. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 




.._ •n ':' i 1940 El Centro I [ ~ --0--NC . \::... (Right-Left) 
; •n ~ ------0-FC ' Rahman I . n '\::,. Frame 1mm I _/, ~ Gap 0 ~ 
~~ ~ ffi 
. " - -
~ :: .. 
, \, 
-; .., ." T 
- ] . - I~ r n 
-~ 
- 11 . 
-.:7 --0 0 0 0 0 0 0 0 0 0 0 0 0 a o o o o o o o o a o o 
~ ~ ~ ~ ~ ~ ~ N M ~ ~ ID 
Column Shear (kN ) 
11940 El Centro i ..,:. ,.., ..... -----A-FB ,,.. - -(Right-Left) 
' 
,, ~ - -0- - NC 
~-1
1
~: i ~ 'An ---e--FC b?'" ~I ~ 
~ I 
T ~ "l' n - I Rahman .., - ~ I Frame . ., 




n T .. - -~)~, If"' ":- .., 
2~ - -w ~ . - ~ o o o o o o o o o o a a o 
~ ~ ~ ~ ~ ~ ~ ~ g ~ ~ g 
Column Shear (kN ) 
11940 El Centro i ... .,., .... ____.,._FB 
1{ ·-
...., 
(Right-Left) ,, ~ - -0- - NC 
.:d IAn ~ -0--FC 
.Vv~,..... 
~ ~ I ·,;- 1 !! " I Rahman I 24mm ~ ~ "\ I Frame ~ 





i - -' , "' 
./ ] .., _1 -.., - J r-~ .., ·:u ~ -.:.. .... ·-
Column Shear (kN ) 
Fig. C.2: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Rahman frame (Configuration 1) for various initial separation gaps. 
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storey Rahman frame (Configuration 2) for various initial separation gaps. 
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FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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storey Rahman frame (Configuration 2) for various initial separation gaps. 
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Fig. C.5: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Rahman frame (Configuration 1) for various initial separation gaps. 
1971 Pacoima Dam earthquake applied left-right. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.6: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Rahman frame (Configuration 1) for various initial separation gaps. 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. C.7: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Rahman frame (Configuration 2) for various initial separation gaps. 
1971 Pacoima Dam earthquake applied left-right. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. C.8: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Rahman frame (Configuration 2) for various initial separation gaps. 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. C.9: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 1) for 
various initial separation gaps and foundation conditions. 1940 El Centro 
earthquake applied left-right. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.10: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 1) for 
various initial separation gaps and foundation conditions. 1940 El Centro 
earthquake applied right-left. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.11: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 1) for 
various initial separation gaps and foundation conditions. 1971 Pacoima Dam 
earthquake applied left-right. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.12: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 1) for 
various initial separation gaps and foundation conditions. 1971 Pacoima Dam 
earthquake applied right-left. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.13: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 2) for 
various initial separation gaps and foundation conditions. 1940 El Centro 
earthquake applied left-right. 
A = Positive Shear B = Negative Shear 
FB =Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.14: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 2) for 
various initial separation gaps and foundation conditions. 1940 El Centro 
earthquake applied right-left. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. C.15: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 2) for 
various initial separation gaps and foundation conditions. 1971 Pacoima Dam 
earthquake applied left-right. 
A = Positive Shear 8 = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. C.16: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Rahman frame (Configuration 2) for 
various initial separation gaps and foundation conditions. 1971 Pacoima Dam 
earthquake applied right-left. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. D.1: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Tabuchi frame (Configuration 1) for various initial separation gaps. 
1940 El Centro earthquake applied right-left. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. D.2: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Tabuchi frame (Configuration 1) for various initial separation gaps. 
1971 Pacoima Dam earthquake applied left-right. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. 0.3: Effect of foundation fixity conditions on impact-side column shear of twelve-
storey Tabuchi frame (Configuration 1) for various initial separation gaps. 
1971 Pacoima Dam earthquake applied right-left. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 0.4: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Tabuchi frame (Configuration 1) for various 
initial separation gaps and foundation conditions. 1940 El Centro earthquake 
applied right-left. 
A =Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 0.5: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Tabuchi frame (Configuration 1) for various 
initial separation gaps and foundation conditions. 1971 Pacoima Dam 
earthquake applied left-right. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. 0.6: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of twelve-storey Tabuchi frame (Configuration 1) for various 
initial separation gaps and foundation conditions. 1971 Pacoima Dam 
earthquake applied right-left. 
A = Positive Shear 
FB = Fixed Base 
B = Negative Shear 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. E.1: Effect of foundation fixity conditions on impact-side column shear of six-storey 
Jury frame (Configuration 2) for various initial separation gaps. 1940 El Centro 
earthquake applied left-right. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. E.2: Effect of foundation fixity conditions on impact-side column shear of six-storey 
Jury frame (Configuration 2) for various initial separation gaps. 1940 El Centro 
earthquake applied right-left. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. E.3: Effect of foundation fixity conditions on impact-side column shear of six-storey 
Jury frame (Configuration 2) for various initial separation gaps. 1971 Pacoima 
Dam earthquake applied left-right. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. E.4: Effect of foundation fixity conditions on impact-side column shear of six-storey 
Jury frame (Configuration 2) for various initial separation gaps. 1971 Pacoima 
Dam earthquake applied right-left. 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
6 1940 El Centro 6 
(Left-Righi) 






2 -----G---FC 2 
0 0 0 0 0 0 0 0 0 0 0 0 0 co ~ "! ": "! «! 0 co ~ "! :; "! "! d r r r r r C'J d r r r r 
Response Amplification Ratio Response Amplification Ratio 








2 --0--NC 2 
-----G--- FC 
0 0 0 0 0 0 0 0 0 0 0 0 0 
co ~ "! ": "! «! 0 co ~ "! ": "! «! d r r r ..- r N d r r r r r 









- -0- - NC 
2 --0-FC 2 
0 0 0 0 0 0 0 0 0 0 0 0 0 co ~ "! ": "! «! 0 co ~ "! ": "! «! d r r r r r C'J d r r r r r 
Response Amplification Ratio Response Amplification Ratio 
Fig. E.5: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of six-storey Jury frame (Configuration 2) for various initial 
separation gaps and foundation conditions. 1940 El Centro earthquake 
applied left-right. 
A = Positive Shear B = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. E.6: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of six-storey Jury frame (Configuration 2) for various initial 
separation gaps and foundation conditions. 1940 El Centro earthquake 
applied right-left. 
A = Positive Shear 8 = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
FC = Foundations Coupled 
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Fig. E. 7: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of six-storey Jury frame (Configuration 2) for various initial 
separation gaps and foundation conditions. 1971 Pacoima Dam earthquake 
applied left-right. 
A =Positive Shear 8 = Negative Shear 
FB = Fixed Base 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 
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Fig. E.8: Response amplification ratio (from fixed base no pounding case) of impact-
side column shear of six-storey Jury frame (Configuration 2) for various initial 
separation gaps and foundation conditions. 1971 Pacoima Dam earthquake 
applied right-left. 
A = Positive Shear 
FB = Fixed Base 
B = Negative Shear 
NC= Non-Coupled (i.e. only soil-structure interaction considered) 




••.· Rahriian Frarri~ (l11t~ri~r1fdi~ill~\;~, 
? t::cbi.:OMNS: 
{(' ';::,:y~~('/>,:~;' 
Geometric Properties Initial Fixed-End Forces 
No. Level Dims. END1 END2 H1 H2 M1 M2 V1 V2 Axial 
0.65x0.75 
0.0 0.2 0.375 0.375 0.0 0.0 0.0 0.0 -585.56 (ext.) 
0.65x0.75 
0.2 0.2 Elastic Elastic 0.0 0.0 0.0 0.0 -585.56 2 2 (ext.) 
0.65x0.75 
0.2 0.2 Elastic Elastic 0.0 0.0 0.0 0.0 -585.56 3 3-5 (ext.) 
0.6x0.7 
4 6-9 (ext.) 0.2 0.2 Elastic Elastic 0.0 0.0 0.0 0.0 -535.96 
5 10-11 
0.5x0.7 
(ext.) 0.2 0.2 Elastic Elastic 0.0 0.0 0.0 0.0 -472.56 
6 12 
0.5x0.7 
(ext.) 0.2 0.2 Elastic Elastic 0.0 0.0 0.0 0.0 -412.00 
0.4x0.4 
7 (int.) 0.0 0.2 0.2 0.2 0.0 0.0 0.0 0.0 -560.08 










11 0.4x0.4 0.375 0.2 0.2 0.2 -216.4 -216.4 -196.8 196.8 0.0 
12 0.4x0.4 0.2 0.375 0.2 0.2 -216.4 -216.4 -196.8 196.8 0.0 
13 2-4 0.4x.04 0.375 0.2 0.2 0.2 -216.4 -216.4 -196.8 196.8 0.0 
14 2-4 0.4x0.4 0.2 0.375 0.2 0.2 -216.4 -216.4 -196.8 196.8 0.0 
15 5 0.4x0.4 0.375 0.2 0.2 0.2 -216.4 -216.4 -196.8 196.8 0.0 
16 5 0.4x0.4 0.2 0.375 0.2 0.2 -216.4 -216.4 -196.8 196.8 0.0 
17 6-9 0.4x0.4 0.35 0.2 0.2 0.2 -219.4 -219.4 -198.5 -198.5 0.0 
18 6-9 0.4x0.4 0.2 0.35 0.2 0.2 -219.4 -219.4 -198.5 -198.5 0.0 
19 10-12 0.4x0.4 0.2 0.35 0.2 0.2 -219.4 -219.4 -198.5 -198.5 0.0 
20 10-12 0.4x0.4 0.35 0.2 0.2 0.2 -219.4 -219.4 -198.5 -198.5 0.0 
Notes: 
'fi}Square bays 6.00 x 6.00 m. , 6 bays (2 external and 4 internal). 
(2) Storey height= 3.65m. 
(3) kN.m.sec units. 
(4) Modulus of elasticity of concrete E = 30 x 106 kN/m2• 
(5) Shear modulus of concrete G = 12.5 x 106 kN/m2• 
(6) Slab length of 0.35m added to each side of beams in calculation of geometric properties. 
F.2 
~:'>'-
Rahman Fram.~ (Exterfor 
'<·';< -- '';,·\>::'~,~>· 
Geometric Properties Initial Fixed-End Forces 
No. Level Dims. END1 END2 H1 H2 M1 M2 V1 V2 Axial 
0.65x0.75 
21 (ext.) 0.0 0.35 0.375 0.375 0.0 0.0 0.0 0.0 -189.10 
0.65x0.75 
22 2-5 (ext.) 0.35 0.35 Elastic Elastic 0.0 0.0 0.0 0.0 -189.10 
23 6 
0.6x0.7 
(ext.) 0.35 0.3 Elastic Elastic 0.0 0.0 0.0 0.0 -170.78 
24 7-9 
0.6x0.7 
(ext.) 0.3 0.3 Elastic Elastic 0.0 0.0 0.0 0.0 -170.78 
25 10 
0.5x0.7 
(ext.) 0.3 0.225 Elastic Elastic 0.0 0.0 0.0 0.0 -148.80 
26 11 
0.5x0.7 
(ext.) 0.225 0.225 Elastic Elastic 0.0 0.0 0.0 0.0 -148.80 
12 
0.5x0.7 
0.225 0.225 Elastic Elastic 0.0 0.0 0.0 0.0 -118.14 27 (ext.) 
28 0.65x0.75 
(int.) 0.0 0.35 0.375 0.375 0.0 0.0 0.0 0.0 -211.42 
0.65x0.75 
29 2-5 (int.) 0.35 0.35 Elastic Elastic 0.0 0.0 0.0 0.0 -211.42 
0.6x0.7 
30 6 (int.) 0.35 0.3 Elastic Elastic 0.0 0.0 0.0 0.0 -199.58 
,, .. 0.6x0.7 Elastic Elastic 0.0 0.0 0.0 0.0 -199.58 ._,, 7-9 (int.) 0.3 0.3 
32 10 
0.5x0.7 
(int.) 0.3 0.225 Elastic Elastic 0.0 0.0 0.0 0.0 -187.32 
33 11 
0.5x0.7 
(int.) 0.225 0.225 Elastic Elastic 0.0 0.0 0.0 0.0 -187.32 
0.5x0.7 
int. Elastic 0.0 0.0 0.0 0.0 -156.66 
:_,,, 
-
35 0.45x0.7 0.375 0.375 0.35 0.35 -83.14 -83.14 -85.02 85.02 0.0 
36 2 0.45x0.7 0.375 0.375 0.35 0.35 -83.14 -83.14 -85.02 85.02 0.0 
37 3-5 0.45x0.7 0.375 0.375 0.35 0.35 -83.14 -83.14 -85.02 85.02 0.0 
38 6 0.45x0.6 0.35 0.35 0.3 0.3 -79.24 -79.24 -79.72 79.72 0.0 
39 7-9 0.45x0.6 0.35 0.35 0.3 0.3 -79.24 -79.24 -79.72 79.72 0.0 
40 10-12 0.45x0.45 0.35 0.35 0.225 0.225 -71.64 -71.64 -71.14 71.14 0.0 
Notes: 
{1)Square bays 6.00 x 6.00 m., 6 bays (2 external and 4 internal). 
(2) Storey height= 3.65m. 
(3) kN.m.sec units. 
(4) Modulus of elasticity of concrete E = 30 x 106 kN/m2• 
(5) Shear modulus of concrete G = 12.5 x 106 kN/m2• 
(6) Slab length of 0.25m added to beam (in direction of span) in calculation of geometric properties. 
F.3 
BEAM~COLUMN Yield s;l{!:face pf111teriorRahman Frame_Element!;' 
Element Storey PVC PB MB M18 M2B MO PVT 
No. (kN) (kN) (kN.m) (kN.m) (kN.m) (kN.m) (kN) 
-49 000 -21 892 -5 980 0.0 0.0 2 344 7 024 
7 -16519 -6 576 1 072 0.0 0.0 458 2 764 
11 0.0 0.0 312 -612 224 -612 0.0 
12 0.0 0.0 224 -612 312 -612 0.0 
13 2-4 0.0 0.0 232 -612 292 -612 0.0 
14 2-4 0.0 0.0 292 -612 232 -612 0.0 
15 5 0.0 0.0 312 -612 224 -612 0.0 
16 5 0.0 0.0 224 -612 312 -612 0.0 
17 6-9 0.0 0.0 312 -612 224 -612 0.0 
18 6-9 0.0 0.0 224 -616 312 -616 0.0 
19 10-12 0.0 0.0 164 -560 164 -560 0.0 
20 10-12 0.0 0.0 164 -560 164 -560 0.0 
Element Storey PVC PB MB M1B M2B MO PVT 
No. (kNj (kN) (kN.m) (kN.m) (kN.m) (kN.m) (kN) 
21 -25 270 -11 130 3 036 0.0 0.0 1 355 4324 
28 -24 500 -10 946 2 990 0.0 0.0 1 172 3 512 
35 0.0 0.0 156.8 -348.0 156.8 -348.0 0.0 
36 2 0.0 0.0 316.0 -542.0 316.0 -542.0 0.0 
37 3-5 0.0 0.0 986.0 -896.8 986.0 -896.8 0.0 
38 6 0.0 0.0 674.0 -664.0 674.0 -664.0 0.0 
39 7-9 0.0 0.0 624.0 -606.0 624.0 -606.0 .0.0 
40 10-12 0.0 0.0 212.0 -313.2 212.0 -313.2 0.0 
F.4 
:Nodal Weights of Rallmah Nodal Welghts•of Rahm.ah' 
Frame (kN). '···, .. - Foundation (kN) 
.Lever • ~xterlo~< ., ·· lnter'16r X-dir. Y-dir. Rotational 
Interior Frame Interior Frame 
761.09 957.97 Ext. Node 1104 1104 381.76 
2 761.09 957.97 Int. Node 1380 1380 381.76 
3 761.09 957.97 Exterior Frame 
4 761.09 957.97 Ext. Node 450 450 190.88 
5 761.09 957.97 Int. Node 552 552 190.88 
6 716.93 952.8 
7 716.93 952.8 
8 716.93 952.8 
9 716.93 952.8 
10 660.77 959.92 
11 660.77 959.92 
12 601.97 932.4 
Exterior Frame 
271.12 385.54 
2 271.12 385.54 
3 271.12 385.54 
4 271.12 385.54 
5 271.12 385.54 
6 249.1 363.68 
7 249.1 363.68 
8 249.1 363.68 
9 249.1 363.68 
10 206.4 336.36 
11 206.4 336.36 
12 177 306.96 
Geometric Properties I BEAM-COLUMN Yield Surface 
Element Level Total END1 END2 H1 IH2 PYC PB MB M1B M2B MO PYT 
No. Area (kN) (kN) (kN.m) (kN.m) (kN.m) (kN.m) (kN) 
77 1 2.45 0.4 0.4 0.49 0.49 -73 445 -61 000 3 600 7 065 7445 3 600 11 660 
78-80 2-4 2.45 0.4 0.4 Elastic Elastic 
81 5 2.113 0.4 0.375 Elastic Elastic 
82-84 6-8 2.113 0.375 0.375 Elastic Elastic 
85 9 1.8 0.375 0.35 Elastic Elastic 
86-88 10-12 1.8 0.35 0.35 Elastic Elastic 
89 1 2.45 0.4 0.4 0.49 0.49 
I -73 445 -61 000 3 600 7 065 7445 3 600 11 660 
90-92 2-4 2.45 0.4 0.4 Elastic Elastic 
5 2.113 0.4 0.375 Elastic Elastic 
93 
94-96 6-8 2.113 0.375 0.375 Elastic Elastic 
97 9 1.8 0.375 0.35 Elastic Elastic 
98-100 10-12 1.8 0.35 0.35 Elastic Elastic 
Tabuchi Frame notes: 
(i) Modulus of elasticity= 25 x 106 kN/m2• 
(Z) Shear modulus = 10.4 x 106 kN/m2• 
(Sl Storey height = 3.65 m. 
(
4
) Modified Takeda hysteresis rule (unloading and reloading stiffnesses equal to zero with reloading stiffness power factor 
equal to zero and unloading as in DRAIN-20). 
(s) Damage indices computed (positive and negative ductilities equal to 30.0). 
(
5
) All bays 8.00 x 8.00 m. 
11 
()1 
Geometric Propertie~s I Initial Fixed-End Forces 
Element Total 
No. Level Area END1 END2 H1 H2 M1 M2 V1 V2 Axial AXPS 
101 1 1.4 0.35 0.3S 0.56 0.56 -965.0 -965.0 -585.0 585.0 0.0 0.0 
102-103 2-3 1.4 0.35 0.3!5 0.56 0.56 -965.0 -965.0 -585.0 585.0 0.0 0.0 
104 4 1.4 0.35 0.3'5 0.56 0.56 -965.0 -965.0 -585.0 585.0 0.0 0.0 
105 5 1.313 0.325 0.3~'.5 0.525 0.525 -954.0 -954.0 -577.0 577.0 0.0 0.0 
106 6 1.313 0.325 0.325 0.525 0.525 -954.0 -954.0 -577.0 577.0 0.0 0.0 
107-108 7-8 1.313 0.325 0.3~~5 0.525 0.525 -954.0 -954.0 -577.0 577.0 0.0 0.0 
109-112 9-12 1.225 0.3 o.a 0.49 0.49 -943.0 -943.0 -568.5 568.5 0.0 0.0 
Element PVT PVC MY1+ MY1- MY2+ M21-
No. Level (kN) (kN) (kN.m) (kN.m) (kN.m) (kN.m) 
101 1 0.0 0.0 1 315 -2195 1 315 -2 195 
102-103 2-3 0.0 0.0 1 605 -2465 1 605 -2465 
104 4 0.0 0.0 1 315 -2465 1 315 -2465 
105 5 0.0 0.0 1 220 -2285 1 220 -2 258 
106 6 0.0 0.0 1 220 -2 035 1 220 -2 035 
107-108 7-8 0.0 0.0 1 155 -1 785 1 155 -1 785 




Element Level Total END1 END2 H1 H2 PYC 
No. Area (kN) 
41-44 1-4 0.98 0.4 0.4 0.49 0.49 -29 378 
-25 936 
45 5 0.845 0.4 0.375 0.455 0.455 
-24596 
46-48 6-8 0.845 0.375 0.375 0.455 0.455 -24 596 
49 9 0.72 0.375 0.35 0.42 0.42 -21 408 
50-52 10-12 0.72 0.35 0.35 0.42 0.42 -21 408 
53-56 1-4 0.98 0.4 0.4 0.49 0.49 -29 378 
57 5 0.845 0.4 0.375 0.455 0.455 
-25 936 
-24 596 
58-60 6-8 0.845 0.375 0.375 0.455 0.455 -24 596 
61 9 0.72 0.375 0.35 0.42 0.42 
-21 408 
-22 748 
62-64 10-12 0.72 0.35 0.35 0.42 0.42 -22 748 
BEAM-COLUMN Yield Surface 
PB MB M18 M28 
(kN) (kN.m) (kN.m) (kN.m) 
-24 400 1 440 2 826 2978 
-21 000 1 318 2372 2512 
-21 200 932 2102 2222 
-21 200 932 2102 2222 
-18 200 848 1 720 1 824 
-18 200 848 1 720 1 824 
-24400 1 440 2 826 2 978 
-21 000 1 318 2372 2512 
-21 200 932 2102 2222 
-21 200 932 2102 2222 
-18 200 848 1 720 1 824 
-17 600 1 196 1 974 2 080 


































> Tapu(5~LFrame Geometri6.: 
. . : pr~r>~rtie~ ((:ontd.) · · 
Element Shear area Moment of 
No. (m2) inertia (m4) 
41-44 0.49 2.4E-2 
45-48 0.423 1.78E-2 
49-52 0.36 1.30E-2 
53-56 0.49 3.2E-2 
57-60 0.423 2.38E-2 
61-64 0.36 1.73E-2 
65-68 0.28 1.36E-2 
69-72 0.263 1.13E-2 
73-76 0.245 9.24E-3 
77-80 1.225 6.01E-2 
81-84 1.056 4.46E-2 
85-88 0.9 3.24E-2 
89-92 0.225 8.01 E-2 
93-96 1.056 5.95E-2 
97-100 0.9 4.32E-2 
101-104 0.7 4.0E-2 
105-108 0.656 3.32E-2 
109-112 0.613 2.7E-2 
Element Level Total END1 END2 H1 H2 M1 M2 V1 V2 Axial AXPS 
No. Area 
65-68 1-4 0.56 0.35 0.35 0.56 0.56 -244.4 -244.4 -155.0 155.0 0.0 0.0 
69-70 5-6 0.525 0.325 0.325 0.525 0.525 -240 -240 -151.6 151.6 0.0 0.0 
71 7 0.525 0.325 0.325 0.525 0.525 -240 -240 -151.6 151.6 0.0 0.0 
72 8 0.525 0.325 0.325 0.525 0.525 -240 -240 -151.6 151.6 0.0 0.0 
73-76 9-12 0.49 0.3 0.3 0.49 0.49 -237.8 -237.8 -148.4 -148.4 0.0 0.0 
Element Level PVT PVC MY1+ MY1· MY2+ M21· 
No. (kN) (kN) (kN.m) (kN.m) (kN.m) (kN.m) 
65-68 0.0 0.0 526.0 -642.0 526.0 -642.0 
69-70 5-6 0.0 0.0 488.0 -714.0 488.0 -714.0 
71 7 0.0 0.0 462.0 -546.0 462.0 -546.0 
72 8 0.0 0.0 462.0 -462.0 462.0 -462.0 
73-76 9-12 0.0 0.0 372.0 -454.0 372.0 -454.0 
F.9 
Nodal Weights of. Tabuchi .· 
Frame (kN) · 
NodaLWeights ofTabuchi Fram~ 
Foundation (kN) 




Exterior 2224.4 2224.4 1671.81 
2 1018 2036.5 
Interior 3055 3055 1671.81 
3 1018 2036.5 Exterior Frame 
4 1018 2036.5 
Exterior 528 528 190.88 
5 990 1980 
Interior 698 698 190.88 
6 990 1980 
7 990 1980 
8 990 1980 
9 963.5 1927 
10 963.5 1927 Level Exterior Interior 
11 963.5 1927 Interior Frame 
12 890.5 1781 -558.5 -1117 
Exterior Frame 
2 -558.5 -1117 
354.6 709.2 
3 -558.5 -1117 
2 354.6 709.2 
4 -558.5 -1117 
3 354.6 709.2 
5 -535 -1070 
4 354.6 709.2 
6 -535 -1070 
5 344.8 689.6 
7 -535 -1070 
6 344.8 689.6 
8 -535 -1070 
7 344.8 689.6 
9 -513.5 -1027.5 
8 344.8 689.6 
10 -513.5 -1027.5 
9 335.6 671.2 
11 -513.5 -1027.5 
10 335.6 671.2 
12 -431.5 ~863.5 
11 335.6 671.2 Exterior Frame 
12 310.2 620.2 
-73.8 -147.4 
2 -73.8 -147.4 
3 -73.8 -147.4 
4 -73.8 -147.4 
5 -70.8 -141.6 
6 -70.8 -141.6 
7 -70.8 -141.6 
8 -70.8 -141.6 
9 -68 -136 
10 -68 -136 
11 -68 -136 
12 -51.6 -103.2 
F.10 
Jury Frame .. 
- .' :·;·>_,-
Shear Moment of Plastic Hinge Member Levels Area (m2) 
Area (m2) Inertia (m4) Length (m) 
Beams 1-3 0.1704 0.1050 
4-6 0.1617 0.0963 
External 1-3 0.1688 0.1688 
Columns 
4-6 0.1519 0.1519 
Internal 1-3 0.2269 0.2269 
Columns 
4-6 0.1875 0.1875 
Notes: 
(a) Modulus of elasticity E = 25x106 kN/m2• 
(b) Shear modulus G = 10.4x106 kN/m2• 
(c) Bay width= 5.5m with 6 identical bays. 







(e) Column hysteresis Is bi-linear elastic (bi-linear factor r= 0.2%) 
~~gj;!~~~)~ 
1',\'<\ , --:."'='\-,'-~;<~ 'c 
Level PVC PB MB M1B M2B MO 
(kN) (kN) (kN.m) (kN.m) (kN.m) (kN.m) 
Exterior 
1-3 -6290 -3690 435 519 423 197 
4 
-5664 -3353 352 420 342 160 
-5747 -3233 352 420 342 176 
5-6 -5664 -3353 352 420 342 160 
Interior 
1-3 0.0 0.0 316.0 -542.0 316.0 -542.0 
4 
-6992 -4139 484 577 470 219 
-7200 -3900 484 577 470 274 
5-6 -6992 -4139 484 577 470 219 
Level 
Left End Left End Right End Right End 
(Positive) (Negative) (Positive) (Negative) 
1-3 262 -262 232 -232 
4 173 -184 155 -155 
5 115 -131 119 -115 
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A test case was investigated to confirm the validity of the Vlazov-Leontiev [V5] two-
parameter model utilized in the GROUND element of RUAUMOKO [C1 ]. The case that 
was considered was of a reinforced concrete beam resting on the surface of a deep soil 
layer subjected to a point load. The length of the beam was chosen such that the 
vertical deflections at the end of the beam obtained from the numerical solution were 
negligible (15.00 metres). The properties of the beam and underlying soil are presented 
in Table G.1. The vertical deformation of the beam at various distances from the point 
load was obtained numerically and compared with the analytical solution of the lateral 
deflection of an infinite beam at a point directly beneath the point of load application. 
The deflection profile of the beam (Figure G.2) demonstrates the ability of the proposed 
model to transmit shear. 
Width = 0.50 Height = 1.00 E = 25 x 105 <1> v =0.2 
E0 = 30.0 x 103 <1> Vo= 1/3 
Table G.1: Assumptions Incorporated in case study verifying the validity of the numerical 
model. 
NOTES: <1> The shear modulus ( G) is calculated from: G = ~ ( kN/m2). 
2\1 + v J 
G.2 Numerical Model 
Figure G.1 is a schematic representation of the discretization scheme of the soil surface. 
Since the case study is symmetric in geometry and loading, the rotation of Nodes 1 and 
32 (under the point load and at the end of the specimen) are constrained. Two 
elements, each one representing the beam and supporting soil, connect consecutive 
nodal points. These elements are the FRAME and GROUND elements, respectively, of 
the two-dimensional structural analysis program RUAUMOKO [C1]. The beam is 
assumed to respond elastically while the coefficients of the two-parameter soil model 
(GROUND element) are defined through an exponential variation of normal deformations 
with depth, as expounded by Vlazov and Leontiev [V5]. These coefficients, k and kt 
defined in Equations G.2 and G.5, respectively, are utilized in the cubic shape function of 
G.2 
the finite element model and represent .the vertical and shear stiffness coefficients, 
respectively. The vertical deflections of the 15 metre long concrete beam (width = 0.50 
metres) subjected to a point load (P = 1 000 kN) at mid-span are determined and plotted 
in Figure G.2. 
1000 kN 
2 3 4 5 6 7 28 29 30 31 32 
_____ ...... =.....,~-.... ------ - - - - - - - - - - - - - - --------------
2 3 4 5 6 7 8 9-17 18-32 
0.00 0.001 0.005 0.010 0.015 0.02 0.025 0.050 Equally spaced Equally spaced 
0.10 - 0.90 1.00 - 15.00 













Notes: <1> All nodes are unconstrained in translation (vertical and horizontal) and in rotation. The exception to this 
is Node 1 in which the rotation Is constrained as this is a symmetric loading case. 
2.00 
0.00 
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Fig. G.2: Variation of vertical displacement of the surface of a deep 
soil layer with distance from point of load application. 
0 " 
~g ~B. g cp "' 
G.3 
G.3 Analytical Method 
The analytical expression defining the maximum deflection (rom) of an elastic beam of 
infinite length loaded by a vertical point load is given by the following expression [S3]: 
(G.1) 
This deflection occurs directly under the point of application of the load. The parameters 
of this equation are defined as follows [S3]: 
=Vertical stiffness coefficient of 
two-parameter model. 
P = Point load (kN) = 2 000 kN. 
A.=4/k v4Ei = 1/L where Lis the characteristic length. 






As outlined in Chapter 4, the quantity µB appearing in Equation G.2 may be taken equal 
to 1.06. The value of the point load Pis twice the value implemented in the numerical 
model as the latter represents a symmetric loading case. Substituting the properties 
assumed in this case study for the beam and soil (Table G.1) into Equations G.2 - G.5 
the deflection is found to be: 
rom= 14mm 
This compares with the value of approximately 12mm obtained from the numerical 
model. The difference in the result is expected due to the cubic shape function 
employed in the numerical model to represent the force-deformation response of the soil 
mass. 
Further tests were conducted of beams of various dimensions and the numerical results 
showed similar levels of convergence with those obtained from the analytical expression 
(Eq. G.1 ). These tests are detailed in Table G.2 below. 
G.4 
BeamDlm·~~slon~ (rn>'· Numerically. 
.<:~.... .: .. · Obtained'' 
1----,--,---,-~...,_~,.,..,.,.~~ ·•toj'spfocemerif \• 
·· .. (mm) ··· · 
1.0 2.00 5.6 
0.8 1.5 7.7 
0.5 1.0 12 
Analyt{caUy 
Obtained 





Table G.2: Comparison of numerical and analytical results for various beam 
dimensions. 
